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ABSTRACT
FREE VOLUME STUDIES OF VARIOUS POLYMERIC SYSTEMS USING
POSITRON ANNIHILATION AND PVT-EOS ANALYSES
by Mukul Kaushik
December 2011
The glass transition phenomenon and free volume behavior below and above the
glass transition temperature of various polymeric systems have been investigated. Several
novel polymeric systems were considered for this study. Two generations of
hyperbranched polyols, H40 and H20, were selected due to large number of hydroxyl
groups on the periphery and within the bulk. The effect of hydrogen bonds and molecular
weight was related with the glass transition and free volume behavior for the whole range
of experimental temperature. The free volume behavior was experimentally studied using
PVT and PALS to determine occupied volume, fractional free volume and number
density of holes. Molecular dynamic simulation was performed to compare atmospheric
pressure V-T data and visualize hydrogen bond structures.
Linear as well as crosslinked isomeric polymers were selected for the study of
isomerism on glass transition and free volume. Isomers were selected based on para and
meta substitution on phenylene ring in the polymer repeat unit. In this way the polymer
chemical composition was kept the same and only architecture was varied. Two linear
polymers based on isomeric repeat unit, polyethylene terephthalate (para) and
polyethylene isophthalate (meta), and five sets of epoxy networks prepared using
isomeric diamine crosslinkers, 3,3’-DDS and 4,4’-DDS were used. The crosslinked
networks followed the same trend of glass transitions and free volume properties as in
linear polymers. The glass transition temperatures of para isomer based linear polymers
i

and epoxy-amine networks were higher. It was observed for linear polymers as well as
for all networks that para isomer generates structure with higher amount of free volume
in the glassy state; however, in the rubbery state they are the same. Free volume studies
were further extended for solvent uptake in epoxy-amine networks to correlate hole free
volume and van der Waals volume of solvent. The higher frozen in free volume in all
para isomers leads to higher solvent uptake as compared to meta isomers.
Pressure-volume-temperature (PVT) data were used to calculate occupied volume
and fractional free volume using Simha-Somcynsky (S-S) Equation of State (EOS).
PALS was utilized to evaluate average hole free volume for a wide range of temperature.
Both PALS and PVT were utilized to evaluate occupied volume and hole number density.
The PVT fractional free volume was also correlated with positron annihilation lifetime
spectroscopy (PALS) hole free volume, v3, and ortho-positronium formation intensity, I3,
to calculate the correlation coefficient, C.
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1
CHAPTER I
FREE VOLUME AND RELATED PROPERTIES IN GLASSY POLYMERS
Introduction
The physics of the glassy polymers have been the subject of a number of studies
in recent decades. In particular, great interest has been devoted to the free volume and its
relation to physical properties. An amorphous glass is defined as a super-cooled liquid
(SCL) with a random arrangement of molecules. Amorphous glasses and rubbers lack the
three-dimensional long-range order found in crystalline solids although short-range order
may be present over several molecular dimensions. This random packing of molecules in
amorphous solids leads to a greater amount of free volume in contrast to their crystalline
counterpart, which has only interstitial free volume. Free volume is the difference
between the specific volume in the glassy or rubbery state and the volume associated with
a crystalline solid at the same temperature. The free volume concept in polymers has
been initially used to relate viscosity.1 However it is used extensively to explain changes
in physical properties and characterize the nanostructure of voids.2 According to the freevolume theory, the total volume of an amorphous polymer consists of three parts: the
core volume, the interstitial free volume and the hole free volume. Only the hole free
volume is utilized for diffusion of molecules, and this kind of volume is defined in the
Williams–Landel–Ferry (WLF) theory.3, 4 Initial investigations by Doolittle and WLF
focused on macromolecular systems as ideal amorphous materials and related
viscosity and physical aging directly to it.2, 5
While the original aim of free volume studies was to rationalize permeation4, 6 in
polymers, it has also made a tremendous impact in the field of polymer science in
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correlating physical and mechanical properties as indicated by the increasing number of
peer reviewed scientific publications as shown
in Figure
I-1.
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Figure I-1. Total number of scientific publications per year utilizing free volume and
polymer as queried in SciFinder (CAS Database) with the keyword “Free volume
polymer” on January 20, 2011.
In the last 20 years, studies on free volume analysis of polymers and our
understanding of how free volume influences the physical properties of polymers have
advanced significantly. However, there is no single article available in the literature that
summarizes this topic. It is therefore appropriate to critically review the literature and
ask the question, “How can we correlate free volume with the physical properties of
polymers?”
More than 70% of the literature that deals with free volume evaluates occupied
volume or fractional free volume and attempts to provide a structure–property
correlation. Understanding the processes occurring during free volume fluctuation and
identifying the parameters affecting the microstructure of free volumes are essential in
order to effectively design polymers having tailor-made properties suitable for a
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particular end-use environment. In polymer physics, free volume is mainly defined by
fractional free volume, which is important in understanding gas transport through
polymeric films. The free volume is difference in specific volume and occupied volume,
and fractional free volume is obtained by dividing this difference by specific volume. The
amount and distribution of fractional free volume will dictate how gaseous molecules will
be transported through the material. In addition to chemical structure, molecular chain
motions affect fractional free volume and its distribution within a polymer.
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Figure I-2. Specific volume versus temperature diagram.
The concept of free volume can be explained through the classical diagram
demonstrated by Figure I-2 that was developed by Simha and Boyer.7 Vl and Vg represent
the specific volume of a polymer in the liquid and glassy states respectively. The sum of
van der Waals volume and interstitial free volume is occupied volume,Vocc and the area
between the curves represent the free volume. During the cooling of a liquid, changes can
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be observed by monitoring the temperature dependence of volume (dilatometry), or
enthalpy (DSC). Below Tg both viscosity and elastic modulus increase while the
segmental mobility is dramatically reduced. Near Tg the polymer molecules require times
comparable with those of laboratory measurements to reach their equilibrium
conformation and packing with respect to temperature. At a temperature below Tg the
molecules are frozen in a nonequilibrium state and have higher volume relative to the
equilibrium state at the same temperature. This excess volume is attributed to a
difference in “free” volume between glassy and equilibrium states. In the absence of this
free volume, the polymer could assume a much smaller specific volume as shown by the
dotted line as an extension of liquid line. The change in slope at Tg indicates that at
temperatures below Tg, the behavior of the system deviates from that of the supercooled
liquid in equilibrium state. Thus, a separate nonequilibrium state is formed, which has a
higher enthalpy, H, and volume, V, than the equilibrium supercooled liquid. Because the
constant pressure heat capacity, Cp, is defined as the slope of an enthalpy versus
temperature plot, it also changes at Tg.
Static free volume is frozen into the glassy polymeric materials as it cools down
from its melt state. This causes the effective diffusion coefficient to be higher than
that which would be anticipated by correlations of diffusion coefficients above Tg. The
free-volume theory also indicates that the effective activation energy for diffusion at the
glass transition temperature is larger for higher molecular weight solvents. As a glassy
polymer undergoes volumetric relaxation, the excess free volume associated with the
glassy state is reduced, and, consequently, diffusion in a relaxed or annealed glass is
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lower. Above Tg, polymer chains are mobile, and increasing the temperature leads to
higher dynamic free volume.
Estimation of Free Volume in Polymers
Quantitative probing of free volume is essential to relate it with other physical
properties. Free volume can be theoretically determined from group additivity
correlations and experimentally using Positron Annihilation Lifetime Spectroscopy
(PALS), 129Xe NMR spectroscopy, inverse gas chromatography (IGC), spin probe
methods, photochromic probes, Pressure-Volume-Temperature (PVT) data and molecular
dynamics simulations. However, exact distribution of free volume is difficult to
determine directly because it is influenced by stereochemistry, rigidity of the polymeric
backbone and side groups. PALS has the smallest probe size (1Å) followed by 129 Xe
NMR (4Å) and IGC (5Å). Other techniques, such as spin probe methods and
photochromic probe methods, have much larger probe sizes. PVT measures only
fractional free volume by application of Equation of State (EOS) in melt state; therefore,
it is not affected by hole size. The combination of both PALS and PVT can provide a
complete set of free volume parameters; therefore, these techniques will be discussed in
detail.
After positronium, 129Xe atom is appropriate to be used as a probe of void spaces
in porous materials. The 129Xe atom can easily get into the void space without
disturbing the materials because it is small, nonpolar and chemically inert.8 Of
particular interest is that the 129Xe chemical shift is sensitive to the size of the void
spaces. Ilinitch et al. thoroughly studied the free volume morphology in polyphenylene
oxide using 129Xe NMR and low temperature nitrogen adsorption.9 They performed
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variable temperature measurements and found that the free volume exists as a cavity and
throat form through which transportation of molecules occurs. A more interesting study
was performed on crosslinking of hyperbranched polymers by Andrady et al.10 The
chemical shift of

129

Xe in a polymer has been found to show linear dependence

on temperature except for the change in the slope at Tg. The free volume in a
polymer also shows the similar trend. Therefore, we can assume that the observed
129

Xe chemical shift, δ, linearly depends on the free volume Vf of a polymer δ= A-

BVf, where A and B are constants.
The photochromic probe method in glassy polymers was first used by Gardlund.11
Since then, it has been widely used in evaluating the free volume distribution in various
polymers. In this method, photochromic or photoisomerizable molecules, usually
stilbenes and azobenzenes, are dispersed homogeneously within the polymer. Upon
heating or irradiation with UV or visible light of appropriate wavelength, the
photochromic molecules may undergo cis-trans isomerization. In the case of azobenzenes
this isomerization involves a rotation around the double bond and the flipping of the
phenyl groups. The extent of the conversion from the more stable trans-isomer to the cisisomer in solution form depends on the probe structure, wavelength, light intensity,
irradiation time and solvent polarity, but much less on its viscosity. However in glassy
polymers isomerization is much slower and depends on the specific probe size and can be
accelerated by the creation of a local rubbery environment. This sudden rise in rubbery
state can be used to identify glass transitions in polymeric materials. Victor et al. used
eight different probes to study free volume distribution in polystyrene.12 They also
observed an interesting phenomenon by using photochromic probes of different sizes
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showing that physical aging leads to higher reduction in the size of larger free volume
holes as compared to smaller holes. The same phenomenon was observed by comparing
diffusivity of Xe and CO2 in strained polystyrene.
IGC is a dynamic method for investigation of thermodynamic properties of
polymers and is traditionally applied in the rubbery state. IGC measures specific
retention volumes and a comprehensive set of interaction parameters, such as the FloryHuggins interaction parameter and the excess cohesive energy parameter. However, it
is also applicable for glassy polymers with large free volume and high gas permeability.
In IGC, the n-alkane series C3-C13 is used as molecular probes. Critical volume Vc or
molecular volume at boiling point Vb can be used as a measure of the size of the probe
and, hence, of the free volume element (FVE) size. Recently Dritsas et al. calculated
Flory-Huggins parameters for a series of hyperbranched polymers by using 13 different
solvents at infinite dilutions.13
PALS
The credit for the first use of PALS in polymers goes to DeBenedetti and
Richings in 1952.14 The research in this early period was later continued and
reviewed by several authors.15-20 Among the probe methods to study free volume in
polymers, PALS has the smallest probe size and is considered to be the most accurate and
reliable technique. While PALS directly measures the average hole free volume, it is also
used to detect glass transition temperature, molecular dynamics and polymer blend
miscibility.21, 22
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PALS uses a conventional fast-fast coincidence setup made of commercially
available components provided by Ortec and Hamamatsu photo-multiplier tubes with
BaF2 scintillation crystals. The radioactive positron source 22Na is used mostly. Counting
rates of 300-400 s-1 are generally achieved using a source activity of 30 μCi. After using
time to amplitude converter (TAC) and multi channel analyzer (MCA), a positron decay
spectrum is obtained at each measurement point. The spectrum is deconvoluted into three
discrete lifetime components using the commercially available PATFIT-88 or any other
package. These three lifetimes are corresponding to o-Ps (τ3), free positrons (τ2) and p-Ps
(τ1) annihilation. The longest lifetime is attributed to ortho-positronium (o-Ps) pick-off
annihilation.
For the calculation of hole sizes, a simple quantum mechanical model is used,
which assumes the Ps to be confined to a spherical potential well with infinitely high
walls. The assumption of spherical holes has been justified for flexible-chain polymers
(polypropylene) as well as for relatively stiff-chain polymers (bisphenol Apolycarbonate). In the Tao-Eldrup (TE) model, the electron density of the surrounding
molecules is approximated by an electron layer of constant thickness. The pick-off
annihilation rate is assumed to be proportional to the probability to find the Ps atom
inside the electron layer.
Equation I-1. Tao-Eldrup empirical relationship between o-Ps lifetime and hole radius.
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The prefactor is equal to the reciprocal spin-averaged Ps or Ps annihilation rate as
shown in Equation I-1. The quantities R0 and ΔR are the radius of the hole and an
empirical parameter that describes the thickness of the electron layer, respectively. The
value of ΔR has been determined before to be 1.656 Å by fitting Equation I-1 to positron
lifetime values measured in systems of known hole sizes e.g. zeolite. This ΔR is also
known as the extent of penetration of the positron wavefunction, and, in a few studies, it
is considered to be the thickness of electron density on hole wall. The event of pickoff
annihilation occurs at the wall of the hole by picking off of an opposite spin external
electron. The value of 0.5 ns in the TE equation is the minimum value of o-Ps pickoff
lifetime, which can be obtained even in highly packed molecules.
For mathematical simplicity, free volume cavities are assumed to be spherical.
This idea has been taken from free volume in molecular liquids where a bubble can exist
only in spherical shape to minimize surface tension.23 However recent research done in
highly crosslinked thermosets indicates that cavity shapes can be cylindrical, ellipsoidal
or even cuboid depending upon network architecture.24 The first empirical correlation of
spherical hole was based on the bubble model proposed by Tao-Eldrup, which was later
modified for ellipsoidal and cylindrical shapes.25, 26 The nonspherical nature of these
microvoids can be a source of error when one attempts to determine the free volume
distribution from PALS data. This is due to the common use of a spherical cavity
assumption used to calculate free volume from PALS lifetime data.
PALS can also be used to measure hole size distribution. By assuming spherical
holes, an expression for the hole radius probability distribution, n(rh), has been
developed. The fraction of the free volume holes with radii between rh and drh is n(rh)drh.
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From the expression of n(rh), the volume weighted hole volume distribution,
g(vh)=n(rh)/(4πrh2), can be calculated.20, 27
PVT
PVT relationships for polymeric materials are a subject of importance to polymer
scientists and engineers, particularly from a process design standpoint.28-31 Several
equations of state (EOS) can be applied to describe physical properties over a wide range
of temperatures and pressures.32, 33 The equations also provide valuable thermodynamic
information and can be used to predict the properties of polymer blends and solutions.34
The PVT data can be obtained using a classical mercury dilatometer in which volume
change is monitored as column height change in an adjoining capillary. Several other
dilatometers are commercially available for high pressure measurements.35 Typical
sample sizes vary from 1–2 g. The sample is placed in a confining fluid (e.g. Hg). The
volume change is monitored through a linear variable differential transducer (LVDT).
The PVT data points can be obtained in an isothermal or an isobaric mode from 30 °C to
350 °C. The pressure can be varied from 10 to 200 MPa. The specific volumes for
atmospheric pressure are obtained by extrapolation and fitting to the Tait equation by
inbuilt software.
Several EOS have been developed to describe the PVT behavior and related
thermodynamic properties of polymer liquids and glasses. EOS can be classified into
two catagories: (1) empirical/semiempirical EOS and (2) molecular-based EOS. The first
category of EOS is based on strain theory and empirically or semiempirically derived
representations of volumetric data as a function of pressure and temperature. The Tait

11
EOS is one example of this type of EOS and is purely empirical although there have been
reports that incorporate molecular meaning into the Tait equation.
The molecular-based EOS is based on models or theories that incorporate
molecular level understanding of the material. Common molecular-based EOS models
include lattice theory for solids, cell, hole and lattice fluid models and for hard and soft
sphere models. The origin of the molecular-based models is usually rooted in an
intermolecular potential based on intermolecular attractive and repulsive forces. Often,
van der Waals radii for the molecules in the material being studied (liquid, metal, and
polymer, etc.) are used as the basis for the potential.
There are two basic approaches to describe the thermodynamic properties of
liquid: one is based on the ideal gas state, and the other, on crystal structure. In the latter
approach, the volume is divided into lattice/cells, and each segment occupies one of the
lattice/cells. There are two branches to formulate thermodynamic relations in the solidoriented approach: free volume theory and lattice theory. In the free volume theory,
vacant cells may be present (hole theory) or not (cell theory). In the cell theory, volume
changes with temperature and pressure can be explained only by the changes in cell size.
On the other hand, in the hole theory, a major change in volume is explained by the
number of holes, and the change in cell size plays a minor role. In the lattice theory, the
lattice size is fixed and it explains the change of volume only by the number of vacant
sites.
Simha–Somcynsky (S-S) hole theory based EOS includes both thermal expansion
and lattice vacancies in polymers. This theory has been widely used to combine the
macroscopic nature of the free volume via PVT experiments with the microscopic
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characterization via PALS. The S-S theory describes the structure of a liquid by a cell or
lattice model with a coordination number of z = 12. The disordered structure of the liquid
is modeled by allowing an occupied lattice-site fraction y = y(V, T) of less than one. The
configurational or Helmholtz free energy, F, is expressed in terms of the volume, V,
temperature, T, and occupied lattice-site fraction y = y(V,T), F = F(V, T, y). The value of
y is obtained through the pressure equation, P = -(∂F/∂V)T and the minimization
condition, (∂F/∂y)V,T = 0. The hole free-volume fraction is given by the fraction of
unoccupied lattice-sites (holes or vacancies) which is denoted h, h(P, T) = 1 y(P,T). This theory provides an excellent tool in analyzing the volumetric behavior of
linear macromolecules and was successfully applied to non-linear polymers,
copolymers and blends. Several other EOSs that have been proposed generally utilize
three scaling parameters: temperature, T*, pressure, P*, and mass density, ρ*(or specific
volume). Rodgers tabulated such parameters using six different equations of state
for 56 polymers.36
Molecular Dynamics Simulation
While experimental PVT data can be compared to simulated V-T data, the cavity
size and fractional free volume obtained from PALS can also be compared to molecular
dynamics simulation data. In molecular dynamic simulation, the polymer chains are
considered to be made of atomic hard spheres with van der Waals radii of the respective
atom. To determine the fractional accessible free volume (FAV), the amorphous cell can
be overlaid by a three dimensional grid with a grid size of 0.7 Å. The probe particles can
be selected depending on required estimation such as positronium (radius 1.1 Å) and
oxygen molecule (1.73 Å). Every grid point is tested as to whether the probe molecule
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will overlap with the atom position of polymer. All grid points indicating overlapping
represent occupied volume and those without overlapping are called free volume. The
free volume accessible to the probe molecule is estimated by the ratio of the number of
free grid points to the total number of grid points. A detailed procedure of this approach
is described elsewhere.37
While the free volume size distribution can be measured experimentally on the
atomic scale using PALS, in molecular dynamics simulations, it is generally obtained by
geometrical size distribution as in Delaunay and Voronoi tessellation.38-40 Hofmann et al.
presented an improved method to describe the unoccupied volume in glassy polymers,
and they also applied a method to determine the unoccupied volume of molecular
dynamic simulations of polymer unit cells by probing it using a tracer atom.41 Since this
method uses a tracer atom, the reachable unoccupied volume strongly depends on the
tracer radius.
Recently the cavity energetic sizing algorithm (CESA) was developed for
determining the cavity size distribution in liquids42. CESA is based on energetic rather
than geometric considerations for cavity definition and is applicable to any structure that
can be simulated by molecular dynamic or Monte Carlo methods. A trial repulsive
particle is randomly inserted into the highly relaxed polymer structure and a local energy
minimum is located in the repulsive force field. Once the minimum is determined,
attractive interactions are turned on, and the size of the test particle is adjusted until its
potential interaction with all other atoms becomes zero. This size is the diameter of a
spherical cavity. CESA was verified by application to crystalline structures with well-
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characterized cavities. It has also been applied to hard sphere and Lennard-Jones fluids,
water and polymers.
Effect of Free Volume on Physical Properties of Glassy Polymers
Glass Transition
The glass transition phenomenon has been studied for a very long time. It is
marked by drastic changes in the mechanical properties upon cooling of a material from a
rubbery, viscous amorphous solid to a brittle, glassy amorphous solid. The nature of the
glass transition is still not clearly known, and it remains a topic of intense experimental
and theoretical interest. Common ways to account for the glass transition are based on the
free volume effect as stated in the classic free volume theory of glass transition.43, 44
Furthermore a large number of polymer systems have been studied for the pressure
dependence of their glass transition.45, 46
Permeability
Gas transport in glassy polymers has been extensively studied because of its
technological importance in industrial applications, such as packaging films, protective
coating and gas separation. The permeability, P, can be defined as a simple product of an
average diffusivity, D, and an effective solubility, S (P= D. S). The average diffusivity or
the diffusion coefficient, D, provides a measure of the effective mobility of the penetrant
in the polymer matrix. The size and shape of holes available in a polymer control the rate
of gas diffusion and its permeation properties. The free-volume theories based on Cohen
and Turnbull47-52 are applied to investigate gas permeation. Gas diffusion coefficients, D,
in glassy polymers can be related to the fractional free volume, ƒv, according to Equation
I-2.
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Equation I-2. Relationship between diffusion coefficient and fractional free volume as
proposed by Cohen-Turnbull.
ln D

A

B
fv

where A is related to the size and shape of the diffusion molecule and B is related to the
minimal hole size of the polymer matrix required for a diffusion jump or hopping to
occur.
Viscosity
Several rheological and theoretical equations describe the dependence of the
viscosity of polymers on their free volume.3, 53-55 Batschinski was the first to notice
a relationship between the viscosity and the free volume of liquid molecules.56 He
proposed a relation between the viscosity of a large number of liquids and
solutions and their specific volume as 1/η=K(v-ω) where ω is the specific volume of
liquid with infinite viscosity. This was however changed after Doolittle proposed a
logarithmic equation while investigating the viscosity of a homologous series of
liquid normal paraffins.57 As pointed out by Doolittle, the relationship between the
viscosity and free volume remained for a long time only as an intuitive hypothesis
supported by empirical work only. A theoretical relationship between the viscosity of
liquid and its free volume was generalized for the first time by Eyring in terms of the
absolute reaction rates theory.58 The formulas obtained by Eyring pointed to a
qualitative relationship between viscosity and the ratio of the volume occupied by
liquid molecules, c to the volume occupied by holes through which molecules jump to
the neighboring position: η=c/(v-b) where v-b is hole free volume. Note that the free
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volume depends on the type of packing of molecules in it and can be obtained by
geometric calculation, using rigid spheres as models for liquid molecules. A similar
approach was developed by Frenkel in the kinetic theory of liquids.59
Physical Aging
Physical aging is the (spontaneous) relaxation process that occurs in glassy
polymers resulting from their non-equilibrium state.49, 60-65 The term physical in physical
aging means that the change in the properties occurs in the absence of a phase change
(e.g., crystallization) or a chemical reaction (e.g., photo-chemical degradation). Physical
aging is accompanied by a reduction in the level of free volume, enthalpy and entropy of
the polymer.66, 67 During physical aging, free volume, vf , and macroscopic specific
volume, v, are intimately related, and a change in vf is reflected by an equal change in
v. On a macroscopic level this situation can be well understood schematically in classical
V-T diagram as shown in Figure I-2 in which the volume, V, enthalpy, H, and entropy, S,
are represented as a function of temperature, T. This classical representation indicates
that during cooling, V, H and S behave differently at temperatures above and below Tg.
Any material will physically age in the glassy region due to the non-equilibrium state. In
contrast with chemical aging, physical aging is a (thermo) reversible process; therefore, it
can be eliminated just by reheating the material above Tg for a sufficient time. Above Tg,
due to the great mobility of macromolecular segments, the decrease in V, H and S can
follow the decrease in temperature, and thus be in equilibrium state. Below Tg (i.e., in the
glassy region), long-range cooperative motions of the main chain are frozen, and,
therefore, the mobility of macromolecular segments is reduced. As a result, the decrease
of V, H and S can no longer follow the change in temperature thereby, creating a non-
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equilibrium situation of the material from the thermodynamic point of view. This state is
similar to super-cooled liquids whose volume, enthalpy and entropy are higher than at the
equilibrium state. However, there remains sufficient free volume so that more restricted
molecular motions are possible. Consequently, since the mobility of macromolecular
segments is not stopped but only reduced, this non-equilibrium situation leads to, at any
temperature in the glassy region, a decrease in the magnitude of V, H and S that will
continue until they reach the equilibrium value. The decrease in the property’s
magnitude, as well as the decreasing physical aging rate, is dependent on the actual aging
temperature, Ta. The closer Ta is to Tg, the smaller is the final change in the property’s
magnitude, and due to the higher polymer chain mobility, the faster is the physical aging.
The decrease of V, H and S during their approach towards equilibrium affects
practically all material properties, such as mechanical, thermal, electrical, optical and
transport. In the literature, this process has been known under many terms, such as
volume relaxation, enthalpy relaxation, mechanical relaxation and structural relaxation.
Physical aging is not simply the result of one single type of conformational arrangement;
the free volume distribution changes during aging; and, therefore, one single value of the
distribution parameter is not usually sufficient to describe the experimental data. The
rates of decrease of volume, enthalpy and entropy are not equal; therefore, the time to
reach equilibrium for different material properties may not be the same.
Physical aging temperature range is situated between Tg and the highest
secondary transition, Tβ. Below Tβ, segmental mobility is so restricted that aging is
practically not detected. While Tg involves a cooperative motion between 8 and 20 bonds
moving collectively, Tβ involves localized conformational changes of only 1 or 2 bonds.
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However, according to some authors physical aging can take place at T<Tβ. They
consider that despite the general decrease in free volume during aging, there is still
sufficient free volume to enable the highly localized secondary transitions to occur.
Physical aging, being self-retarding, is a long-term process. The time necessary to reach
equilibrium, t∞, is estimated from free volume theory to increase exponentially with
(Tg−Ta) by a factor of approximately 10 per 3 °C, where Ta is aging temperature. Rough
calculations indicate that at Tg−20 °C, t∞ reaches 100 years. From a practical point of
view it is important to know that physical aging affects a large number of material
properties such as mechanical (e.g., elastic modulus, stress and strain at break, thermal
expansion coefficient and relaxation time), thermal (e.g., enthalpy and conductivity),
electrical (e.g., dielectric constant and conductivity), transport (e.g., diffusion and
permeability coefficients) and optical (e.g., refractive index).
Enthalpy relaxation, also called enthalpy recovery, is often used to study physical
aging due to its sensitivity and the availability of DSC in research laboratories.68
Enthalpy relaxation can relatively easily be determined by performing two DSC
temperature scans, i.e., one scan with the aged sample and another with the non-aged
sample. The difference between the surface areas of the two endothermic peaks in the Tg
region represents the enthalpy relaxation (ΔHa). ΔHa corresponds to the decrease of
enthalpy during physical aging, which is recovered during heating of the sample to a
temperature above Tg, during the first temperature scan as shown in Figure I-3. The peak
size, i.e., the enthalpy relaxation, also increases with the aging time.
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Figure I-3. A typical DSC showing enthalpy relaxation, determination of the glass
transition temperature, Tg, the specific heat change occurring at the glass transition,
ΔCp, and the enthalpy relaxation. The striped area is the area measured for the
determination of the enthalpy relaxation67.
The increase in density of polymers is a direct consequence of the volume
decrease during physical aging. The contraction and the thermal expansion coefficient,
αFT, of polymers can be determined with a TMA instrument. The knowledge of the effect
of physical aging on αFT is important because αFT, as expected, is directly related to
volume changes occurring during physical aging (αFT=(dV/V dT)P), and this affects the
thermal stresses arising in a coating. Elastic modulus, an important property directly
affecting the rigidity, is also affected by physical aging as a result of densification.
Mechanical properties:
Solid polymers are important structural materials, particularly in the aerospace
and automotive industry. They exhibit time-dependent material properties, which can
considerably change the performance of products over time. For a polymeric material the
degree of change in mechanical properties depends on pressure, temperature, humidity,
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free volume and stress–strain conditions to which the material is subjected during its
manufacturing and later in its application. The inelastic deformation in amorphous
polymers is considered a local shear transformation, which primarily occur in regions
where the local resistance to inelastic rearrangements is low. This local region is
characterized as excess free volume per atom.69 Goyans et al. studied deformation
mechanism in epoxy networks by using positron annihilation spectroscopy. They
evaluated the hole density, Nh, for non-deformed and deformed samples.70 They showed
that in the case of deformed specimens, action of the deviatoric component changes the
size and density of the free-volumes, but it does not change the influence of the
hydrostatic internal stress on the hole size. Jean et al. studied the effect of cyclic loading
on hole free volume, using a slow positron beam. They showed loss of free volume with
loss of durability of coating due to cyclic loading.
Sanchez and Cho used an empirical relation that shows that both the density
and the logarithm of the bulk modulus are linear functions of temperature.71
Including this fact, they developed a corresponding equation of state that uses
characteristic temperature, T*, Pressure, P*, and density ρ*. The equation of state
parameters have physical significance: the reduced temperature, T/T *, is shown to be
equal to the free volume fraction at temperature, T; l/ρ* is related to the
calculated van der Waals’ volume and that P* is a measure of the cohesive
energy density. Sanchez proposed that bulk modulus is closely related to the asymmetry
of the free energy around its minimum and calculated compression strain ε, defined as
ln(V/V0) by integrating the inverse of the bulk modulus B.
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For high performance thermosetting polymers, fracture toughness is an important
measure of their mechanical properties. A direct correlation of fracture toughness with
chemical structure of polymers is well documented.72, 73 A small change in chemical
structure and orientation of reactants can lead to a large change in physical properties and
hence fracture toughness. This change in structure can also be decisive in the change of
free volume in polymers. Several studies have been conducted to relate hole free volume
and fracture properties of polymers.74 However no direct correlation has been published
relating glassy modulus with the free volume. It has been widely observed that while
large amount of free volume causes toughening, a small amount of free volume will lead
to high brittleness due to compact chain packing in polymers.75
Factors Affecting Free Volume in Polymers
It is well-known that every polymer has specific physical and chemical properties
and that these properties are mainly dictated by polymer chemical structures.76 Other than
chemical structure, certain additives like plasticizers and antiplasticizers drastically
change free volume among polymer chains and, consequently, their related physical
properties.77, 78 The chemical structures are closely linked with the architecture of
polymers and, consequently, the free volume. The free volume cavities are irregularly
distributed among the macromolecular chains in the polymer bulk and provide the
required empty space for the molecular chain segment. The free volume not only plays an
important role for mechanical properties and diffusion behaviors but also shows the
microstructural state of the condensed matter. Therefore, it is more attractive to study the
relationship between the chemical structure of polymer and the free volume properties.
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Both thermoplastics and thermosetting polymers have different aspects responsible for
their free volume behavior.
Thermoplastic polymers
In linear polymers incorporation of branching or side groups leads to increase
in free volume, partly due to the increase in Tg and the decrease in packing efficiency.79
On the other hand specific interactions like hydrogen bonding and electrostatic
interactions lead to a decrease in free volume.80-82 Zhu et al. studied polyurethane/epoxy
resin (PU/EP) interpenetrating polymer network (IPN) nanocomposites by PALS. They
found an excellent correlation between the hydrogen-bonding interaction, the chain
packing efficiency, free volume hole size and miscibility. 83
Thermosetting networks
Free volume in networks can be tuned by systematically varying the network
rigidity and crosslink density.84, 85 An increase in chain rigidity increases the size and the
number density of the holes, which leads to an increase of the hole volume fraction at
Tg. It was found that the hole volume fraction at Tg approximates a linear
relationship with the packing densities of the epoxies under investigation.86 Dlubek
et al. studied the effect of crosslinking on free-volume properties of poly(diethylene
glycol bis(allyl carbonate)) networks prepared by bulk copolymerization of ethylene
glycol bis(allyl carbonate) with an increasing amount of allyl ethoxyethyl carbonate.87
They found that with an increasing concentration of monoallyl comonomer, the mean
hole size increases and the hole size distribution shifts to larger values. The relative
change of the mean hole volume agrees exactly with the relative change of the specific
volume. From this, they concluded that the number of holes does not change as a function
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of c, despite the fact that o-Ps intensity values decrease. They correlated the local freevolume properties with the glass transition temperature and the specific volume as shown
in Figure I-4. Note that Tg decreases with increase in c; whereas hole free volume
increases. Other free volume studies on epoxy resins with different cross-link densities
indicated that the higher cross-link density leads to higher free-volume concentration.88

Figure I-4. Dependence of the mean hole volume v (filled symbols, left axis) and of the
macroscopic specific volume V (empty symbols, right axis) on the concentration c of the
monoallyl comonomer. On the top axis, the glass transition temperature Tg is given which
is related to c of the bottom axis e.g. Tg= 111°C for 1.428 wt % of c87.
Rationale of Research
The goal of the present work is to study free volume behavior as completely as
possible and make a comparison between the basic polymer micro-architecture types:
hyperbranched polymers, linear polymers and crosslinked networks. Selection was based
on the distinct and wide range of glass transition and free volume parameters. Structural
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effects responsible for this drastic effect were carefully considered and are discussed in
detail. To achieve this goal, two different generations of hyperbranched polyols,
BoltornTM H40 and H20, two linear polymers based on an isomeric repeat unit,
polyethylene terephthalate and polyethylene isophthalate, and five sets of epoxy networks
prepared by isomeric diamine crosslinkers 3,3’-DDS and 4,4’-DDS, were used. For the
study of the effect of free volume solely, chemical interactions were kept as similar as
possible and only architecture was varied. These polymers were meticulously selected
due to different aspects of free volume related physical properties such as Tg, mechanical
properties and solvent uptake. In contrast to the semicrystalline PET, epoxy networks are
amorphous glasses with relatively high Tg as well as void fraction, which is the reason for
their high solvent uptake.
The specific aims of this research project are the following:
1.

To study the PALS and PVT free volume behavior of two generations of

hyperbranched polyols and compare with simulation
2.

To compare free volume parameters obtained by PALS and application of S-S

EOS and S-L EOS on PVT data of polyols
3.

To establish a relationship between linear polymers and crosslinked epoxy amine

networks based on meta and para isomeric repeat units
4.

To relate Tg, free volume and mechanical properties for fully cured isomeric

networks
5.

To establish a relationship between penetrant size, average hole free volume and

extent of solvent uptake in epoxy networks
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6.

To study the effect of curing cycle on Tg, free volume and solvent ingress

behavior
To facilitate coherent discussion, the research work described herein is divided
into four chapters. Each chapter is meant to stand on its own and to contain a
comprehensive literature review of the particular topic covered. Chapter I seeks to
address the state-of-the-art in measurement techniques and role of free volume in glassy
polymer. The state of free volume in polymers, overview of characterization technique of
free volume hole as well as of fractional free volume, are briefly discussed. Since the
entire dissertation is based on measurement of free volume parameters using PALS and
PVT, these techniques are discussed in detail. Physical properties directly affected by free
volume and structural parameters that control free volume are also discussed. Chapter II
discusses the measurement of Tg, viscosity and free volume parameters in two
generations of hyperbranched polyols, BoltornTM H20 and H40. Since both molecules
have low molecular weights and low Tg, both PALS and PVT measurements were done
well above their Tg. Excellent correlation of fractional free volume and occupied volume
was obtained using these techniques. Furthermore, both the lattice-fluid model of S-L
EOS and the lattice-hole model of S-S EOS showed an excellent fit to the PVT data.
Molecular dynamics simulations also showed fairly good comparison with experimental
V-T behavior at atmospheric pressure. Since both hyperbranched polyols are chemically
different, the next two chapters focus on comparing chemically identical linear polymers
and epoxy amine networks prepared by varying geometrical isomerism in their repeat
units, which leads to change only in architecture and keeping chemical affinity the same.
In Chapter III, linear polymers poly(ethylene terephthalate) (PET) and poly(ethylene
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isophthalate) (PEI) were compared with respect to their Tg, mechanical properties,
average hole free volume calculated by PALS, and fractional free volume calculated by
PVT. This study was further extended for epoxy amine networks prepared by meta and
para isomeric crosslinkers, diamino diphenyl sulfone (DDS) and DGEBF epoxy resin.
Once the free volume hole size and fractional free volume relation was established for
isomeric diamine epoxy networks, this relation was utilized to study solvent ingress in 10
different sets of epoxy networks in Chapter IV. The distinct penetrant size confirmed
threshold hole free volume for water and methyl ethyl ketone (MEK). After establishing
hole free volume versus panetrant size, studies were performed to identify the effect of
curing cycle on solvent ingress.
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CHAPTER II
FREE VOLUME AND RELATED PROPERTIES OF ISOMERIC LINEAR
POLYESTERS AND EPOXY-AMINE NETWORKS
Abstract
The effects of meta and para substitution isomerism of phenylene ring, on glass
transition temperature, Tg, and free volume properties of linear polymers and crosslinked
network were studied. The linear polymers under consideration were amorphous
poly(ethylene terephthalate) (PET) and poly(ethylene isophthalate) (PEI). The
crosslinked networks were prepared from the reactions of DGEBF epoxy with 4, 4’-DDS
and 3, 3’-DDS amine. It was observed that the Tg of PET (para isomer) is 23 °C higher
than that of PEI (meta isomer); whereas, for epoxy system the Tg of para isomer is 32 °C
higher than that of the meta isomer. The pressure-volume-temperature (PVT) data were
measured experimentally from 0 to 120 MPa and 30°C to 240°C in a high pressure
dilatometer-type PVT apparatus. PVT data were fitted to Simha-Somcynsky (S-S)
equations of state (EOS) to calculate occupied volume and fractional free volume. PVT
data were also used to calculate thermal expansivity and isothermal compressibility.
Positron annihilation lifetime spectroscopy (PALS) was used to calculate mean size and
thermal expansivity of hole free volume below and above glass transition temperature.
Both PALS and PVT data were used to calculate occupied volume and number of holes
at ambient pressure. The average free volume size in para isomer cured systems is larger
than in meta isomer cured systems below their glass transition temperature while in the
melt state they are the same. The values of occupied volume calculated from S-S EOS
and PALS were comparable within the experimental error for the isomeric linear
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polymers and the networks cured with isomers.
Introduction
The position of substitution on phenylene ring may lead to three different isomers:
para (1, 4), meta (1, 3) and ortho (1, 2). These phenylene rings as shown in Scheme II-1
can be used as a part of repeat units in polymers. Polymers with phenylene rings in their
backbones can undergo drastic changes in their physical properties by changing the
connecting bond positions from para to meta. The para isomer leads to collinear
arrangement of repeat units; hence, it often induces crystallization in contrast; the meta
isomer leads to non-collinear arrangement and introduces a kink in the chain. The
incorporation of this kinked repeat unit consisting of aromatic rings in the backbone of
polymer chains has been widely utilized to reduce crystallinity in polymers. This, in turn,
enhances melt processability, optical clarity and other physical properties. Due to their
applications in the area of gas transport it is important to investigate and compare the
properties of these isomeric systems. It is deliberated in literature that para isomer has
higher rigidity as compared to meta isomer; therefore, this system allows investigation of
the influence of chain rigidity on thermal, physical and free volume properties.1-3

Scheme II-1. Chemical structure of isomeric repeat units of para, meta and ortho
substituted phenylene rings.
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The glass transition temperature is an important property of polymers, which
dictates an upper bound of the use temperature. For polymers with similar chemical
compositions, the glass transition temperature depends primarily on chain rigidity.
Isomeric linear polymers, such as aromatic polyesters, PET and PEI4, polysulfones5 and
polyimides,6 the glass transition temperature of the para isomer was found to be greater
than the meta isomer. The glass transition temperature directly influences the amount of
frozen-in free volume. The higher is the Tg; the higher is the frozen-in free volume when
polymers cool down below Tg to the same ambient temperature. In a molecular dynamic
study done to evaluate cavity size distribution and diffusion in para and meta isomers of
sets of polyimide and polysulfone, it was reported that para isomer has higher mean free
volume size and faster gas diffusion at room temperature.7
Several theories attempt to relate the transport behavior to the free volume
content.8, 9 A large number of studies have been performed on permeation behavior to
compare structurally isomeric polymers.1 Recent experimental and simulation studies
have shown that polymers with meta linkages have lower permeability.7 Other studies
comparing gas permeability for isomeric polymers also reported that diffusivity is higher
in para isomer based polymers.1 Baer et al. reported that isomeric PEI has significantly
lower oxygen permeability than PET.10 Copolymerization with isophthalate reduces
oxygen permeability of PET. Coleman and Koros, in their study of polyimides, have
observed relatively large decreases in permeability and large increases in permselectivity
when para linkages are replaced with meta linkages.11
An interesting question, in this respect, is whether occupied volumes of meta and
para isomers are the same or different? It is anticipated that the isomeric polymers with
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similar chemical composition must have similar van der Waals volume. However, it is
not well understood whether the occupied volumes, which are the sum of the van der
Waals and interstitial volumes are the same too. Aitken et al., in their study of isomeric
polysulfones, proposed different occupied volumes to rationalize their permeability data.1
In contrast, the data reported by Lin et al. conducted on para and meta isomers of linear
polesters PET and PEI did not support this conclusion.12 While the effect of isomeric
repeat unit in linear polymers on Tg has been relatively well investigated, very little is
known as to whether and to what degree isomerism affects the free volume behavior and
characteristics. It should be stated here that isomers are an excellent model system to
study the effect of free volume solely on a number of bulk properties since the chemical
composition of isomers is identical.
In contrast to linear polymers, absolutely nothing is currently known regarding the
effect of phenyl ring substitution isomerism on either Tg behavior or free volume in
crosslinked networks. Of particular importance is in common epoxy-amine networks. In
these systems the isomeric phenyl ring structure can be incorporated via epoxy moiety or
via diamine crosslinker. In this study we focused in particular on the effect of isomerism
of diamine crosslinker on Tg behavior and free volume. The following question can be
generally posed: does phenylene ring substitution isomerism effect Tg and free volume in
crosslinked networks in the same way as observed in isomeric linear polymers, or is the
effect different?
Crosslinked polymer networks, in general, are particularly suited for structural
components due to their dimensional stability at higher temperatures and excellent
mechanical properties.13, 14 Epoxy-amine networks are an important class of crosslinked
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networks, widely used either as a matrix for structural composites or as adhesives in
marine and automobile industries.15-17 They exhibit excellent thermal properties in
addition to moisture and chemical resistance and good adhesion to many substrates.18
These networks are formed through step-growth polymerization reactions involving a
nucleophilic attack on glycidyl ring. Typically, the networks are prepared via multi-step
curing process. During the first step, network is cured at a lower temperature. Low
temperature step promotes the predominant formation of linear oligomers through
primary-amine oxirane reactions (B-stage). Then during the second step the system is
cured at higher temperature, which promotes secondary amine-oxirane crosslinking
reactions in the formation of three dimensional network. If the curing temperature during
the second step is selected too low, physical vitrification may occur around this
temperature prior to complete chemical conversion as the network formation process is
accompanied by a reduction of free volume in the reactive system. The network
formation reactions naturally cease as the system enters the glassy state. However, if
curing temperature is increased, the network forming reactions will continue further until
either vitrification again occurs, or if the curing temperature is selected to be high
enough, ultimate chemical conversion will be reached, and, subsequently, the network
will exhibit its ultimate Tg upon cooling. Fully cured networks exhibit unchanging
chemical composition and architecture, which is practically important since the structure
can be related to bulk properties without raising a concern about the effect of unreacted
products.19-21 Recent studies investigated the effects of crosslink functionality, molecular
weight between crosslinks, and chain stiffness on thermal and mechanical properties of
networks.22 Most of these studies are on the variation of functionality, chain rigidity,
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crosslink length,23 aliphatic and aromatic crosslinkers24 and curing cycle.25 While a wide
range of experimental techniques are being used to establish structure property
relationships, molecular dynamic simulation approach has been also employed in epoxyamine networks.26, 27
PVT relationships for polymeric materials are a subject of importance to polymer
scientists and engineers, from a process design standpoint, particularly for injection
molding of thermoplastics. PVT measurements involve measuring the specific volume of
a polymer as a function of pressure and temperature. The specific volume is sensitive to
temperature, pressure and changes in the state of the polymer; therefore, transition
temperatures, thermal expansivities and compressibilities can be determined from PVT
data. PVT behavior of polymers is useful for deriving appropriate EOS for predicting the
response of polymeric networks to extreme conditions where it is difficult to run
experiments. A number of EOSs have been proposed for polymer melts.28 The most
important utilization of EOSs to PVT data is in the evaluation of fractional free volume
using S-S EOS, which is based on lattice hole model.29, 30 Analysis of EOS can also
provide valuable information about thermodynamic behavior and fundamental properties
of materials, such as cohesive energy density and internal pressure.31-33 Rigorous analyses
of the PVT behavior for polymer networks are rare as the thermodynamic history and
post curing during experiment complicate the experiments and their interpretation.
PALS measurements provide information about the average size and
concentration of free-volume holes in amorphous materials. It involves directly probing
the free-volume sites in a polymer by positrons. A positron, the antiparticle of an
electron, is more stable in vacuum than in bulk and, therefore, tends to exist in the free
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volume cavities. The lifetime and decay intensity of the ortho-positronium (o-Ps), a shortlived complex with an electron, is used to extract information about the average sizes of
holes and about the average amounts of free volume. The third lifetime in PALS spectra,
τ3, is related to the radius, R, of the free volume cavity, assuming a spherical geometry.
The positron annihilation intensity, I3, is assumed to be proportional to the hole
concentration, Nh.
While PALS only measures the mean hole free volume, Vh, and positronium
annihilation intensity, I3, of these holes, the combination of PALS with the specific
volume, obtained from PVT experiments, allows estimation of the number of holes,
occupied volume and fractional free volume.34 In this way, all parameters of free volume
can be determined. Furthermore fractional free volume calculated by applying S-S
equation to PVT data can be correlated with product of average hole size and intensity
obtained from PALS using constant of proportionality, C, as described in previous
studies.34-36 A reasonable estimation of this correlation coefficient will allow indirect
measurement of fractional free volume in a wide temperature range in rubbery and glassy
state.
The main goal of this study is to explore the effects of repeat unit isomerism on Tg
and free volume properties of linear aromatic esters and completely cured epoxy-amine
networks.
Experimental
Materials and Sample Preparation
Pellets of thermoplastic linear polymers, PET and PEI were supplied by KoSa
(Spartanburg, SC). The PET and PEI used had intrinsic viscosities of 0.84 and 0.75 dL/g,
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respectively.10 These pellets were dried for 24 hrs in a vacuum oven at 70°C. The dried
pallets were compression molded as 1 mm thick films using carver compression molding
press at 300 °C and quenched in ice water mixture to obtain amorphous polymer. These
compression molded films were cut into 5 mm wide and 25 mm long strips for DMA
measurement. Small pieces of these films were used for PVT, PALS, density and DSC
measurements.
The epoxy resin used for this study, diglycidyl ether of bisphenol F (DGEBF, EPON
862), with a molecular weight 330-346 g/mol, was purchased from Hexion Speciality
Chemicals. The two isomeric crosslinking diamines 4, 4’- and 3, 3’-diamino diphenyl
sulfone (DDS), were purchased from Sigma-Aldrich. The chemical structures of
thermoplastic polymer repeat units and reagents used for crosslinked networks are shown
in Scheme II-2.
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Scheme II-2. Chemical structure of repeat units of poly (ethylene terephthalate) (PET),
poly (ethylene isophthalate) (PEI); (based on isomeric terephthalic acid and isophthalic
acid) and epoxy network components diaminodiphenylsulfone (DDS) isomers, and
diglycidyl ether of bis-phenol-F (DGEBF).
The following experimental protocol was adapted to prepare ultimately cured
DGEBF epoxy and 4, 4’-DDS amine network. Special care was taken to prepare samples
without air bubbles. This was of particular importance for accurate PVT measurements.
The vacuum flask with a magnetic stirrer on the bottom and containing liquid DGEBF
oligomer was heated in the thermal bath to 50 °C and stirred under vacuum for 2 hrs.
The temperature was gradually increased to 70oC, and then, 4, 4’-DDS diamine was
added to epoxy resin in the amount corresponding to the epoxy-amine ratio 1:1 while
stirring under vacuum was continued for additional 2 hrs. The temperature was then
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increased to 105 °C while stirring under vacuum continued for one extra hour to ensure
that all diamine was completely dissolved in epoxy to avoid gelation. The resulting liquid
mixture was clear and not too viscous. It was poured for final curing stage into Teflon
molds preheated at 90oC. The molds containing uncured samples were degassed in
vacuum oven at 90 °C for 4 hrs. Finally, the samples were cured in a vacuum oven at
125oC for 5 hrs and then post cured for 2 hrs at 200 °C to reach the maximum conversion
without thermal degradation. The same degassing/reactant mixing/curing protocol was
employed to prepare DGEBF/3, 3’-DDS epoxy-amine network samples except that the
reactant mixture for final mixing step prior to final curing stage was heated to 90 °C
instead 105 °C.
Characterization
Near infrared spectroscopy was used to probe chemical conversion. These
measurements were conducted using Thermo Scientific Antaris II FT-NIR analyzer
operating in diffuse reflectance mode. Thin film samples for these measurements were
prepared by sandwiching the resin prior to curing between two glass microscope slides. A
Teflon film spacer was used to maintain a constant thickness of the resulting film
samples. Several samples were cured in an oven and removed after specific times to
probe the progress of curing.
A TA Instrument, DSC Q-100, was used to study thermal behavior and glass
transition. Sapphire and indium standards were used for heat capacity and temperature
calibrations. About 10 mg samples were used for these measurements. Heating and
cooling scans were recorded at 10 oC/min.
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To study small strain behavior and glass transition, Rheometrics Scientific DMTA
VTM was used, operating in tensile mode at 1 Hz frequency and using 5 ºC/min
temperature ramp rate. DMTA samples had a rectangular bar shape with the dimensions
of 1mm x 5mm x 15mm.
Network density was determined using XS104 Mettler Toledo microbalance
equipped with a density determination kit based on Archimedes principle. The
measurements were conducted at 23 o C. About 2 g samples were weighed in air and
deionized water. The density was calculated from the weight difference with an accuracy
of ± 0.002 cm3/g. Reported results represent an average of at least five measurements.
The PVT measurements were conducted using a fully automated Gnomix-PVTapparatus that consisted of a sample cell containing a cylindrical sample of about 20 mm
in length and 10 mm in diameter and mercury as a confining fluid. Specific volumes were
recorded with an accuracy of ±0.0002 cm3/g within the temperature range 30 °C to 240
°C and pressure 10–120 MPa by means of linear variable differential transducer (LVDT)
attached to the bellow, which is used to close the sample cell. Initial specific volume was
assumed from direct density measurements. The PVT data were collected in isothermal
mode. The pressure at each selected temperature was increased incrementally in 10 MPa
steps within the range 10-120 MPa. The pressure during each step was held for 60 sec to
allow equilibrium before the corresponding specific volume was recorded. It should be
mentioned here that the dilatometer requires at least 10 MPa pressure to be applied during
the experiment to suppress any volatiles and guarantee the accuracy. So, the
measurements of specific volumes versus temperatures have not been experimentally
conducted at atmospheric pressure. Instead, this information was generated via
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extrapolation after PVT data obtained at elevated pressures were fitted to the Tait
equation of state.37 This routine is directly built in the Gnomix-PVT-apparatus software.
The PALS experiments were conducted with custom built fast-fast coincidence
system, described in previous work,38 having a time resolution of 220 ps. To conduct the
measurements 22Na positron source with radioactivity 30µCi was sandwiched between
two 1mm thick sample disks with a diameter of 8mm. All the measurements were taken
over one hr, for a total of 1x106 counts in each PALS spectrum. Temperature
measurements were taken by first decreasing the temperature to -30 oC and waiting for
about 2 hrs, to allow for equilibrium before the experiments were begun. The temperature
was then sequentially increased to 200 oC in 5 oC steps, collecting a spectrum each step,
after waiting 15 min to equilibrate.
The PALS spectra were tested against three- and four-component fits using the
PATFIT-88 software package. Optimal fits were obtained to three components with
variances smaller than 1.1. The free volume hole radius, R, was calculated from the o-Ps
life time,

3,

using the semi-empirical equation.

Equation II-1. Tao-Eldrup empirical relationship between o-Ps lifetime and hole radius.
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where R has been empirically determined to be R=0.1656nm by fitting Equation II-1
to o-Ps annihilation data for molecular solids of known pore sizes. The hole volume was
calculated from R as Vh=4/3πR3.
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Results and Discussion
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Figure II-1. Near IR spectra of epoxy overtone of 4, 4’-DDS cured DGEBF epoxy-amine
systems.
To avoid possibility of further curing during the measurements, the samples were
carefully prepared to reach maximum possible conversion; therefore, it is necessary to
study the extent of curing. Complete curing can be confirmed either by observation of
chemical structure as in FTIR or observing the diminishing of the exothermic peak as by
using DSC.
Studying epoxy cure kinetics via FTIR in the mid-infrared range (600-4000 cm-1)
is quite complicated because of overlapping bands for epoxy-amine systems. Moreover,
the primary and secondary amine peaks are not easily differentiated. FTIR measurements
can be misleading due to overlapping of peaks at high temperatures; therefore, near IR
was used for structural analysis. Several researchers have employed near IR spectroscopy
to study the cure kinetics and reaction mechanisms of epoxy resins.39 The epoxy-amine
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systems were characterized by distinct bands for epoxy, primary amine, phenyl,
combined primary-secondary amine and hydroxyl groups.
Figure II-1 and II-2 indicates near IR spectra of 1:1 stoichiometric mixture of
DGEBF epoxy and 4, 4’-DDS and 3, 3’-DDS, respectively. Selected NIR spectra for
several samples cured at different times and temperatures are shown. The degree of cure
was monitored by following the change in peak intensity of the primary amine group and
epoxy at 4530 cm-1. The enlarged spectrum is shown for the epoxy ring and primary
amine region, which indicates a decrease in peak intensity with time and curing
temperature.
3, 3’-DDS-DGEBF
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Figure II-2. Near IR spectra of epoxy overtone of 3, 3’-DDS cured DGEBF epoxy-amine
systems.
It is necessary to use a particular peak as an internal standard between different
samples; therefore, the aromatic C-H overtone peak at 5991 cm-1 was used. The NIR
spectra with time in Figure II-1 and 2 are shown after normalization with respect to the
phenyl band at 5991 cm-1. As expected, the peak of primary amine and epoxy group
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overtone at 4532 cm-1 decrease in intensity over time as the cure proceeds. To further
confirm the highest possible degree of curing, the samples were kept at 200 ºC for 12 hrs,
and NIR spectra was recorded, and no change in peak area was observed. This is an
indication that both epoxy systems have been completely cured for the prescribed curing
schedule. A closer examination of both samples reveals that 3, 3’-DDS systems react
faster than 4, 4’-DDS systems as evident by a faster decrease in peak intensity.
Cured systems were evaluated using differential scanning calorimetry to
determine glass transition temperature. Monitoring consecutive scans in DSC also
provided a second method, in addition to NIR, to confirm ultimate cure. Figure II-3
indicates the three consecutive heating scans of cured resins by using DSC at 10 ºC /min.
The 3, 3’-DDS-DGEBF cured epoxy system shows glass transition temperature at 151 ºC
whereas 4, 4’-DDS-DGEBF cured system has Tg at 183 ºC. A slight difference observed
in scan 1 and scan 2 is due to thermal history; however, there is no difference in
consecutive scan 2 and scan 3. Moreover, there is no evidence of an exothermic reaction
in consecutive heating scans of DSC; therefore, maximum possible conversion has been
reached, and both the samples have reached maximum glass transition temperature. It
should be noted that all DSC scans are offset on y-axes for clarity.
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Figure II-3. DSC thermograms of epoxy-amine
networks.
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Figure II-4. DSC thermograms of amorphous PET and PEI.
The epoxy resin consisting of para isomer (4, 4’-DDS) as a curing agent has 32 ºC
higher glass transition temperature as compared to the one with meta isomer (3, 3’-DDS).
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This behavior has been widely observed in linear isomer systems of polysulfones1 and
polyimide where the difference in Tg is 51 ºC.11 In studies of poly(phenolphthalein
phthalate) isomers by Sheu, it was found that the glass transition temperatures of the mphenylene isomers are about 50 °C lower than those for the para form.40 The same
phenomenon is observed in PET (Tg=78 ºC) and PEI (Tg=55 ºC), which consists of
terephthalic acid (para isomers) and isophthalic acid (meta isomers) as shown in Figure
II-4. The difference in Tg values in linear isomers is attributed to larger segmental
mobility in meta isomers. The rigid para isomer leads to a larger onset temperature of
long range segmental motions and hence Tg for para isomer is approximately 32 ºC
higher.
This significant difference in glass transition temperatures of the different isomers
can be attributed to the fact that the meta DDS isomer has more rotational flexiblity since
it can rotate along the sulfone bridge. This segmental mobility in linear polymers is
defined by considering Kuhn segmental length as shown in PET and PEI systems by
Tonelli.3 He performed a detailed analysis on para, meta and ortho isomers of aromatic
polyester and found that end to end distance and hence Kuhn segment length decreases
from para to ortho isomeric polyester of the same molecular weight. Tonelli also
observed that the number of conformations of ethylene glycol repeat unit was the same
for all isomers; hence, the main factor responsible for decrease in Kuhn segment length
was primarily position of attachment to the phenylene rings.
It is evident that the para isomer based network has larger Tg regardless of
whether it is a linear polymer or network. However, this difference cannot be explained
based on the concept of Kuhn segment length, applicable to linear polymers due to the
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non Gaussian nature of short and rigid crosslinks. Therefore, a common link between
linear polymer and crosslinked networks has to be identified.
The most widely observed molecular motion in polymers with phenylene ring in
the backbone is of rotation along the sigma bonds of chain axis. The rotation can occur
with respect to only one sigma bond or to both sigma bonds. The rotation involving both
sigma bonds leads to flipping of phenylene ring. This is experimentally observed by
NMR and theoretically by molecular dynamics simulations.4, 41-43 The activation energy
of this flipping is very low; therefore, it can be observed at very low temperatures as a
gamma relaxation. The flipping of the phenylene rings is possible only in para isomers;
therefore, it is not important to consider this motion in our discussion. The meta isomeric
phenylene ring cannot undergo flipping, and it can be rotated only along one sigma bond.
This rotation of phenylene ring leads to cis and trans conformations within the meta
isomers due to their noncollinear arrangement as shown in Scheme II-3(a). This prevents
the phenylene rings from behaving as a freely rotating link, and hence its rotation leads to
the movement of neighbouring units too. This rotation has relatively high activation
energy due to associated long range motions. This imparts flexibility towards long range
segmental motion; hence this is responsible for the glass transition temperature. On the
other hand para isomeric phenylene ring does not lead to different conformation
regardless of whether the rotations are along single bond or double bond.
The effect of rotational flexibility on glass transition can be better understood in
terms of configurational entropy as studied by Sundararajan for linear polycarbonates.44
This rotational flexibility can be quantified in terms of configurational entropy, which
includes number of rotational isomers for both meta and para. According to this study the
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calculation of configurational entropy includes only the interactions that depend on
torsional variables. The entropy values were calculated by evaluating the energy of the
conformations generated by varying the torsional angles over the entire range of 0º to
340º at 20º increment. In para isomers the rotation of phenylene ring does not lead to
additional conformation; hence, it does not contribute to the configurational entropy. In
this sense, the para isomer has smaller configurational entropy compared to the meta
isomer.

Scheme II-3(a). Diaminodiphenylsulfone (DDS) isomers showing the ability of
phenylene ring to rotate along backbone (note that only meta isomer shows different
conformations of cis and trans).
Unlike Kuhn segmental mobility, the concept of configurational entropy can be
related to the glass transition of polymer networks. The basic physics behind the
relationship of glass transition and configurational entropy can be explained according to
theory of glass transition proposed by Gibbs-DiMarzio as follows. 45 In the melt state due
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to the flexibility of the polymer chain and large amount of free volume, there can be
several ways to pack the molecules in space. At this temperature molecules are not
allowed to take preferred orientation. Molecules can have different orientations
depending upon the potential energy barrier. The meta isomer has higher configurational
entropy as compared to the para isomer. This larger initial configurational entropy at the
same temperature requires higher cooling (lower temperature) to bring S=0 state (i.e. Tg∞)
as shown in Scheme II-3 (b). It is important to note that in the crosslinked state the
activation energy of the rotation of phenylene ring is relatively high. Therefore we
propose this concept should be applied for initial reactant mixtures consisting of para and
meta isomeric crosslinkers and epoxy resin. The mixture consisting of meta isomers as
shown in Scheme II-3 (c) will have large initial configurational entropy at the same
temperature. The oligomers formed from this mixture will also have the higher
configurational entropy as compared to the oligomers formed from para isomers. This
initial higher entropy follows the same trend when the vitrification takes place; therefore,
the final network structure of meta isomers needs more cooling to reach S=0 state (i.e.
Tg∞), and, consequently, it has lower Tg as compared to para isomeric network.

Configurational Entropy, Sc

50

Tg (meta) Tg (para)
Temperature

Scheme II-3(b). Schematic diagram of the configurational entropy of para and meta
isomer as a function of temperature.

Crosslinking

Meta isomer reactant
mixture with high Sc

Meta isomer based
network

Crosslinking

Para isomer reactant
mixture with lower Sc

Para isomer based
network

Scheme II-3(c). Meta isomer reactant mixture with higher Sc and the resultant network
formed.
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The samples were monitored using DMA to identify Tg from the tan δ maxima. As shown
in Figure II-5, the Tg value for para isomer is 192.7 ºC, whereas for meta isomer it is 170
ºC. A similar trend of higher Tg of para isomer is observed in linear isomeric PET and
PEI polymers. Both Tg values obtained from DMA are higher than those from DSC.
Dynamic mechanical properties of Epoxy Isomers
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Figure II-5. DMA scans of epoxy network based on isomeric DDS and DGEBF in
tensile mode to indicate Tg by tan δ peak.
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3
PET
PEI

Tan

2

1

0
40

50

60

70

80

90

100

110

120

Temperature (°C)

Figure II-6. DMA scans of PET and PEI in tensile mode to indicate Tg by tan δ peak.
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Dynamic mechanical properties of Epoxy Isomers
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Figure II-7. Dynamic storage modulus obtained by DMA scans of epoxy-amine
networks in tensile mode.
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Figure II-8. Dynamic modulus obtained by DMA scans of PET and PEI in tensile mode.
Epoxy resins are major matrix components used for structural composites;
therefore, evaluation of their mechanical properties is also important. Dynamic storage
modulus of the cured epoxy films are shown in Figure II-7, which shows higher glassy
modulus in meta isomers. Dynamic mechanical analyses also indicate the mechanical

53
response at a smaller strain (0.05%). The similar trend is shown in linear isomeric
polyesters PET and PEI, as shown in Figure II-8. The modulus values overlap in rubbery
region, which gives an indication that the chemically similar isomeric systems have same
response in rubbery state and difference arises in glassy state. Such trends in modulus
values of isomeric systems have also been reported in previous studies done on isomeric
polyimides. The modulus of the meta isomer based network is always slightly higher as
indicated in a previous study done on isomeric polyimides6. Since in our explanation of
thermal properties, the effect of molecular motions was primarily responsible, a similar
approach has to be utilized for mechanical properties. The difference in mechanical
properties of both para and meta isomers can be explained by considering the molecular
mechanism of deformation in polymers.
Polymer glasses react uniquely to an applied stress in various ways. The
molecular response towards stress may be due to stretching or bending of covalent bonds
in the chain, by rotation about bonds along the chain backbone, or by displacement of
neighboring chain segments. All these molecular motions contribute to an elastic or nonelastic response. In particular, internal rotations dominate the elastic deformation in the
isotropic network. While considering the reversible nature of Young’s modulus, it should
be attributed to reversible motions at a much smaller molecular scale. The first theory,
which can be used in this context, is of dynamic flexibility due to flipping of phenylene
rings as studied by Tonelli.3 This flipping of phenylene ring was also reported to be
responsible for higher oxygen diffusivity in PET as compared to PEI.46 Note that this
phenylene ring can rotate by itself due to thermal fluctuations without application of load.
This self-rotation is considered to be responsible for hopping of gas molecules. Once the
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stress is applied, this rotation assists in reversible transfer of load. This reversible load
transfer or deformation is easier in para isomers, which can be responsible for lower
Young’s modulus of para isomer.
Figure II-9 shows the specific volume, VSp, of 4, 4’-F and 3, 3’-F epoxy systems
as a function of temperature in the temperature range between 300 K to 520 K obtained
using PVT apparatus in an isothermal scan. The PVT scans of PET and PEI are also
shown in Figure II-10. The intersection point of slopes of glassy and melt state gives the
value of Tg. The Tg value for 4, 4’-F is 434.55 K whereas for 3, 3’-F it is 411.95 K.
Similarly PET shows a Tg value of 350 K while PEI has Tg of 331K. It is important to
note that both isomeric systems overlap in the melt state where the polymer reaches into
equilibrium state. This indicates that occupied volume is same for chemically identical
systems.

PVT data of isomeric DDS cured DGEBF epoxy
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Figure II-9. PVT data of isomeric DDS cured DGEBF epoxy system obtained by
isothermal scans at 0, 40, and 80MPa.
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Figure II-10. PVT data of isomeric PET and PEI obtained by isothermal scans at 0, 60,
and 120MPa.
Poisson's ratio of viscoelastic materials is often considered as a constant although
the knowledge of its temperature variability could be of general interest in the fields of
design, engineering and material science. For example, coupling of different structural
components could be affected by the so-called Poisson's strains, originating from misfits
in Poisson's ratios of joined materials. The Young’s modulus, E, and bulk modulus, K,
are related by using Poisson’s ratio, ν, by using relation E = 3K(1-2ν). Therefore by using
dynamic Young’s modulus values obtained from DMA and bulk modulus values from
PVT, the value of Poisson’s ratio can be calculated for whole experimental temperature
range. The temperature dependence of Poisson’s ratio is plotted in Figure II-11, which
clearly indicates that in the glassy state, its values are higher for the para isomer where as
in the rubbery state, they overlap. The value of the Poisson’s ratio for 4, 4’-F it is 0.432
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whereas for 3, 3’-F it is 0.418 at 30 ºC. The characteristic value, 0.5 of Poisson’s ratio in
the rubbery state is also confirmed. However in the glassy state this value is relatively
higher than the typical value of 0.35. This may be due to experimental procedure used in
this study.
Dynamic mechanical properties of Epoxy Isomers
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Figure II-11. Temperature dependence of Poisson’s ratio for epoxy networks obtained
by bulk modulus and dynamic Young’s modulus.
The density measurements done at room temperature for both systems show
higher density for meta isomers. The 4, 4’-F epoxy system indicates the density value as
1.270 ± 0.002 gm/cm3 whereas the 3, 3’-F epoxy system shows the value as 1.276 ±
0.002 gm/cm3. Similarly amorphous PET indicates the density as 1.332 ± 0.002 gm/cm3
whereas the PEI shows the value as 1.347 ± 0.002 gm/cm3. The same trend of densities
has also been observed in linear polysulfones containing para (1.191 gm/cm3) and meta
(1.201 gm/cm3) linkages.7 Similarly according to molecular dynamics simulations
amorphous PET shows lower density, i.e., 1.336 gm/cm3, and PEI shows 1.356 gm/cm3,
which leads to significantly higher oxygen diffusivity in PET.4 The Oxygen diffusivity at
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300K in PEI has been reported as 0.27 · 10-8 cm2/s whereas for PET this value is 0.95 ·
10-8 cm2/s.
PVT data can be used to calculate the volumetric thermal expansivity, E and
coefficient of thermal expansion, α. The slope of the V-T curve at any constant pressure
can give the value of E using the following relation:
Equation II-2. Thermal expansivity.

E

dV
dT

P

The CTE, α, is calculated using the following relation;
Equation II-3. Volumetric coefficient of thermal expansion.

1 dV
V dT

P

PVT data at atmospheric pressure were linearly fitted within the glassy and
rubbery temperature range separately to calculate thermal expansivity. For 4, 4’-F, the
slope (volumetric thermal expansivity) in rubbery state is Er=dVSp/dT= (3.94± 0.05) · 10-4
cm3/gK, and the coefficient of thermal expansion at Tg is αr=Er/V=(4.86± 0.05) · 10-4/K.
For 3, 3’-F the expansivity value is (4.23 ± 0.04) ·10-4 cm3/gK, and the coefficient of
thermal expansion is (5.27 ± 0.04) ·10-4 /K. In the glassy state, 4, 4’-F epoxy-amine
network indicates a smaller value of expansivity, Eg= (1.35 ± 0.04)·10-4cm3/gK similarly
3, 3’-F epoxy-amine network shows Eg value as (1.31 ± 0.03)·10-4 cm3/gK. The CTE in
glassy state for 4, 4’-F is (1.66± 0.04) · 10-4 whereas for 3, 3’-F, it is (1.63 ± 0.03) ·10-4.
The expansivity values for PET and PEI are also shown, except the glassy state of PEI in
which numbers of data points in glassy state are insufficient. As also reported in Van
Krevelen, the melt thermal expansivity for PET is larger than usual.47 These values in
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both glassy and rubbery states are tabulated in Table II-1. The rubbery CTEs obtained
using PVT are three times larger than glassy CTEs. In a previous study done by Case et.
al. on imidazole cured DGEBF the same trend was observed.16 They used classical
dilatometer to calculate linear CTE. In our case we obtained volumetric CTEs, which is
three times of linear CTEs.
Table II-1. Thermal expansivity and coefficient of thermal expansion of epoxy-amine
networks and polyester system calculated from PVT.
Eg (cm3/gK)

Er (cm3/gK)

4, 4’-F

(1.35 ± 0.09)·10-4

(3.94 ± 0.09) ·10-4 (1.66 ± 0.09) ·10-4 (4.86 ± 0.09) ·10-4

3, 3’-F

(1.31 ± 0.09)·10-4

(4.05 ± 0.09) ·10-4 (1.63 ± 0.09) ·10-4 (5.04 ± 0.09) ·10-4

PET

(1.71 ± 0.09)·10-4

(5.12 ± 0.09) ·10-4 (2.24 ± 0.09) ·10-4 (6.70 ± 0.09) ·10-4

PEI

-

(4.89 ± 0.09) ·10-4 -

CTEg/K

CTEr/K

(6.46 ± 0.09) ·10-4

Since the major goal of the present study was to estimate and compare free
volume parameters for the isomeric system, free volume calculations were performed
first using PVT by application of appropriate equation of state. The PVT data of epoxyamine networks in the melt state are fitted to S-S EOS using a standard, nonlinear, leastsquares regression method. Three characteristic parameters are determined for EOS,
which are P*, V*, and T*. Using the equation of state, the hole free volume fraction, h,
and the occupied volumes, Vocc, can be determined.
In the lattice-hole theory, vacant cells, or holes, are introduced in the lattice,
which describe the major part of the thermal expansion; meanwhile, the changes in cell
volume, which have a non-negligible influence on the thermodynamic properties, are also
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allowed. The resulting EOS is solved with an expression that minimizes the partition
function with respect to the fraction of occupied sites. The S-S EOS was derived by
Simha and Somcynsky based on the lattice-hole theory. 29, 48, 49 It was first derived for
spherical and chain molecule fluids and then was widely used even for high molecular
weight polymers. S-S EOS describes the structure of a liquid by a cell or lattice model
with a coordination number of z=12 and models the disorder by assuming a statistical
mixture of occupied (fraction y) and unoccupied cells (holes or vacancies, fraction h = (1
- y), all of the same size.
For liquids under the thermodynamic equilibrium conditions, from the Helmholtz
free energy, F, the S-S EOS was obtained50. The Helmoltz free energy, F, can be related
to the partition function, Z, by the following relation:
Equation II-4. Helmoltz free energy, F.
F

From P

( F / V )T with ( F / y )V ,T

kT ln Z
0 , a reduced equation can be shown as follows:

Equation II-5. S-S EOS.
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The subsidiary condition for fixing the fractional occupancy, y, is derived by minimizing
the Helmholtz free energy, which can be shown using following equation:
Equation II-6. S-S EOS.
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~
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~
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Since the PALS measurements were done at atmospheric pressure, PVT data at
ambient pressure are only needed for further analysis of free volume. To calculate
fractional occupancy, the characteristic parameters of P*, V*, and T* must be determined
first at ambient pressure by using the least squares method to fit the S-S EOS to the PVT
experimental data51. For this purpose the value of T* and V* are first calculated using
PVT data at 0MPa pressure by using a simplified Equation II-7 which is applicable only
in the melt state.
Equation II-7. Universal scaling relationship of S-S EOS for the V–T behavior.
V
ln *
V

T
0.1033 23.85 *
T

3/ 2

The values of the characteristic scaling parameters for 4, 4’-F epoxy-amine
network thus obtained are V* = 0.788±4.15E-04 cm3/g and T* = 13803.617±33.95K. The
values of the scaling parameters for 3, 3’- F epoxy-amine network thus obtained are V* =
0.781±6.32E-04 cm3/g and T* = 13327.105±45.95 K. Constraining the values of T* and
V* and sequential fitting of Equation II-5 and 6, can provide the values of fractional
occupancy, y. From the value of y, the hole fraction, h=1-y= h(V/V*, T/T*), can be
calculated for the whole experimental temperature range. The hole fraction, h, in both
epoxy-amine networks is rather higher and amounts to 0.0716 at Tg=434.55 K for 4, 4’-F
and 0.0691 at Tg=411.95 K for 3, 3’-F. The temperature dependence of the S-S equation
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liquid line fitted to melt state and occupied volume calculated is shown in Figure-II-12
for epoxy isomers and in Figure-II-13 for polyester isomers. It should be noted that the
occupied volume calculated from the S-S equations overlaps in whole temperature range
of glassy and melt states.
Specific Volume, Liquid line and Occupied Volume
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Figure II-12. Specific volumes, S-S liquid line and occupied volume obtained by fitting
of PVT data in melt state and at atmospheric pressure of the epoxy system based on
isomeric DDS and DGEBF in isothermal mode.
A closer examination of Figure-II-12 and 13 shows a slight increase in occupied
volume. This is due to the anharmonicity of molecular vibrations, which leads to a
thermal expansion αocc, Vocc(T)=Vocc(0)(1+αoccT). For epoxy network, αocc is (1.05±0.11)
· 10-5 cm3/gK whereas for PET and PEI this value is obtained as (1.63±0.08) · 10-5
cm3/gK. Moreover occupied volume is insensitive to the glass transition temperature. It
has been shown previously that the occupied volume determined experimentally agrees
well with the following theoretical prediction proposed by Simha et al.48
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Equation II-8. Relationship between occupied volume and scaling parameter, V*.
Vocc,th

~
K (T ) V *

V* and Ť are the characteristic volume and the reduced temperature respectively, from
the S-S theory and K(T) ≈0.9567. Therefore, Vocc= 0.753 cm3/gm for 4, 4’- F epoxyamine network and 0.747 cm3/gm for 3, 3’- F epoxy-amine network are calculated using
their respective V* values. Similarly PET and PEI have values of 0.715 and 0.714
respectively, which are comparable within the experimental error.
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Figure II-13. Specific volumes, S-S liquid line and occupied volume obtained by the
fitting of PVT data in melt state and at atmospheric temperature of PET and PEI in
isothermal mode.
The hole fraction, h= h(V/V*, T/T*), of the Simha-Somcynsky lattice-hole theory
was also calculated for the complete temperature range by using h=1-y. The hole fraction,
h, in both epoxy networks is rather higher as compared to the universal value of ƒg=0.025
as proposed by WLF and amounts to 0.0716 at Tg=434.55 K for 4, 4’-F and 0.0691 at
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Tg=411.95 K for 3, 3’-F. William, Landel, and Ferry estimated this universal figure of ƒg
from viscosity data. This is nevertheless a phenomenological theory and is only valid for
T> Tg. Later it was found that the hole fraction increases from ƒg =0.02 for polymers with
Tg=200K to ƒg ≈0.08 for polymers with Tg=400K. From this result it was concluded that
the Tg is not an iso-free volume transition but rather determined by the structural
relaxation time (τg~100 s). Furthermore this fraction is higher in the para isomer as
compared to the meta isomer which was expected by PVT data.
Since the occupied volume is the same in both isomers, it is necessary to compare
different contributions of free volume and fractional free volume as follows:
Equation II-9. Liquid hole free volume.
Vhl VSS Vocc
Equation II-10. Total hole free volume.
Vht VSp Vocc
Equation II-11. Excess hole free volume.
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Figure II-14. Total hole volume, S-S liquid volume and excess hole volume of epoxyamine networks.
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Figure II-14 and 15 shows temperature dependence of these volumetric parts as
defined in Equation II-9 to 11. The main difference in both isomers occurs below their
Tg; however, they remain same in melt state. The fractional values of these volume parts
are obtained by dividing their respective specific volumes and their temperature
dependence is shown in Figure II-16 and 17.
PET- PEI- Volume contributions
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Figure II-15. Total hole volume, S-S liquid volume and excess hole volume of PET and
PEI.
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DGEBF:Contributions from fractional volume
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Figure II-16. Fractions of total hole volume, S-S liquid volume and excess hole volume
PET-PEI-FFV contributions
of epoxy-amine networks.
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Figure II-17. Fractions of total hole volume, S-S liquid volume and excess hole volume
of PET and PEI.
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The volumetric thermal expansivity calculated by PVT includes the combination
of both occupied volume and free volume. It does not distinguish the separate
contribution of both parts; therefore, it is necessary to determine temperature dependence
of hole free volume using PALS. PVT data gives the value of fractional free volume
above 30 ºC only and does not give information about the size of free volume cavities.
Since the difference in fractional free volume is due to the difference in isomerism of
chemical moiety, it is necessary to compare the hole size for both isomeric system. To
support PVT results, further investigation of free volume hole size was carried out using
PALS measurements.
The temperature scans of mean hole free volume is shown in Figure-II-18 and 19
for both epoxy and PET and PEI systems. The hole free volume increases with
temperature due to thermal expansion of the glass due to the anharmonicity of molecular
vibrations and local motions in the vicinity of the holes. In the epoxy system cured using
isomeric amines, the hole size is significantly different below Tg; however, in the rubbery
state the hole size is approximately same. The glassy state shows a smaller slope as
compared to the rubbery state since the molecular and segmental motions increase
rapidly, and the free volume holes obtain a dynamic character. This is observed as a steep
rise in the hole size with temperature.
From the Vh versus T curves, Tg can be determined as the intersection of two
straight lines asymptotically fitted to the curves in the temperature range below and
above the expected Tg.52 It is also observed that Tg ‘s from PALS are slightly lower than
those from DSC, which is due to a much slower heating rate used in PALS measurement,
i.e. 5 ºC/hr. Also a good agreement is observed; the Tg value of 140 ºC of 3, 3’-F epoxy-
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amine network is 30 ºC lower than the Tg value of 160ºC of the 4, 4’-F epoxy-amine
network.
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Figure II-18. Temperature dependence of mean hole free volume obtained by PALS for
isomeric epoxy-amine networks.
The mean free volume size below Tg of the para isomer cured system is higher as
compared to the meta isomer cured epoxy system; this result is also consistent with the
set of PET and PEI. Such behavior of different cavity size in para and meta isomers have
been reported by several research groups. A molecular simulation study of cavity size
distributions in para and meta isomers by Wang et al. reports higher cavity size in para
isomers than in meta isomers of polysulfone.7, 53
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PET-PEI Vh comparison
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Figure II-19. Temperature dependence of mean hole free volume obtained by PALS for
PET and PEI.
In a PALS study done by L. Yang et al.24 on a series of epoxy networks, it was
concluded that with increase in chain rigidity the size and the number density of the
hole volume fraction increases at Tg. It was found that the hole volume fraction at
Tg approximates a linear relationship with the packing densities of the epoxy
network. The results are interpreted as a decrease of the efficiency of molecular
packing with increasing network rigidity. As a result, macroscopic materials
properties, such as glass transition temperature, density and thermal expansion, show
considerable variations. However this comparison was done between rigid aromatic
diamine and flexible diamine; therefore, huge difference in properties was expected due
to difference in chemical structures of the crosslinkers at first place. The same structure
to Tg relationship can be applied to the present system since higher chain rigidity of para

69
isomers is responsible for higher Tg. This higher value of Tg leads to higher amount of
frozen in free volume at room temperature. The density measurements done at room
temperature for both systems
also show
larger
of specific
volume for para isomers.
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Figure II-20. Temperature dependence of o-Ps intensity for epoxy-amine networks
obtained by PALS.
Figure II-20 and 21 indicate temperature dependence of o-Ps intensity in both
isomers. In all cases there is a slight increase in o-Ps formation intensity with
temperature. This increase in intensity value can be explained by considering the free
volume model proposed and developed by Brandt.54, 55 This model assumes that o-Ps is
formed only in a free volume hole which is larger than a certain critical value. As the
temperature is increased and hole size becomes larger, more holes are large enough to
trap o-Ps, and the o-Ps intensity is increased. While several researchers directly correlate
o-Ps intensity with the number of holes, it is also widely considered that o-Ps intensity
also depends upon inhibition reactions taking place in the positron spur, source exposure
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time and exposure to electric and magnetic fields. This implies that change in the o-Ps
intensity cannot be accounted for solely on the basis of free volume.
The difference in intensity values can be attributed to the difference in
thermalization mechanism due to the difference in electron density of holes in both
isomers. Considering resonance states of benzene rings in DDS, the electron
delocalization is different in the case of meta and para substituted DDS. It is also
considered that 3, 3’-DDS is electron rich, which enhances the formation of positronium
and hence intensity is higher.56 In addition to this, there is always a distribution of hole
free volume size whereas in our case intensity values are corresponding to mean hole free
volume size. While intensities for both isomers in epoxy tend to converge at high
temperature, it shows divergence in the case of PET and PEI isomers. This behavior is
possibly due to difference in the range of temperature of measurement with respect to
their Tg values.
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Figure II-21. Temperature dependence of o-Ps intensity obtained by PALS for PET and
PEI.
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While both hole free volume and o-Ps intensity are important parameters obtained by
PALS, their product has recently been given a widespread attention. The product of o-Ps
formation intensity, I3, and mean hole free volume, V3, can be directly related with
fractional free volume. In both isomeric systems as shown in Figure II-22 and 23 there is
a continuous increase. A closer examination of these plots reveals that the slope of
asymptotic line in the rubbery state is considerably higher as compared to the glassy
state. The shape of these plots
resembles the
PVT curves.
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Figure II-22. Temperature dependence of I3V3 obtained by PALS for epoxy-amine
networks.
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PET-PEI-I3V3 comparison
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Figure II-23. Temperature dependence of I3V3 obtained by PALS for PET and PEI.
While PVT gives the value of fractional free volume, h, computed from the S-S
EOS, it can be directly correlated with the product of o-Ps intensity, I3, and mean hole
free volume, V(τ3), by using a correlation coefficient, C, as follows:35
Equation II-12. Fractional free volume and I3V3 relationship.
hPVT

C V ( 3 ) I3
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DGEBF: FFV and I3V3
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Figure II-24. I3V3 versus fractional free volume plot in the rubbery and glassy states of
epoxy-amine networks to calculate correlation
C.
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Figure II-25. I3V3 versus fractional free volume plot in the rubbery and glassy states of
PET and PEI to calculate correlation coefficient C.
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The values of correlation coefficients C calculated at Tref (Tg+25 ºC) are shown in
Table II-2. It should be noted that these values are significantly different for both
isomeric pairs, which implies that C is a function of polymer structure and can therefore
not be generalized.57 It can be inferred from these values that o-Ps can differentiate
chemically identical systems due to their topological structure. The typical reported C
value for PMMA is 1.83·10-3Å-3, for PVAc is 3.08·10-3Å-3 and for PS C=1.52·10-3Å-3.
Table II-2. Correlation coefficient C (Equation II-12) calculated using PVT and PALS
data.

CTref

4, 4’-F
0.00488

3, 3’-F
0.00449

PET
0.0042

PEI
0.00512

The possible reason behind the different C values of Equation II-12 could be due
to the difference in I3. At this point we can assume that I3 is not a true indicator of the
number of holes; hence, FFV can be directly correlated with Vh.
In addition to average hole size, the number density of holes has caught wide
spread attention these days.58 The transport of molecules in polymers depends on the
fractional free volume which is the product of hole free volume and number density. In
turn, the hole free volume, as well as the hole number density, Nh (cm-3), or average
distance between neighboring holes, are important parameters to estimate. PALS, itself,
is able to measure hole size but not directly hole density and hole fraction. However, a
correlation of nanoscopic hole volume of PALS and macroscopic specific volume of PVT
allows estimation of complete set of parameters. The specific volume is related to the
number density of holes according to Equation II-13.59
Equation II-13. Relationship between occupied volume and number density of hole.
VSp

Vocc

N h Vh
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where Vocc is the specific occupied volume, Nh is the number density of holes per mass
unit, and Nh · Vh is the total free volume. The fractional hole free volume from PALS can
be calculated according to following expression:
Equation II-14. Relationship between fractional free volume and number density of hole.
fh
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Figure II-26. Hole free volume versus free FV
volume
epoxy-amine networks to calculate concentration of holes.
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Figure II-27. Hole free volume versus free volume plot in the rubbery and glassy states of
PET and PEI to calculate concentration of holes.
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From the slope of FV versus Vh keeping intercept zero, the concentration of hole
Nh can be determined. For 4, 4’-F this value for both rubbery and glassy state is
(6.315±0.09)·1020/gm, and for 3, 3’-F it is (6.274±0.07)·1020/gm. Similarly, for PET, this
value is (5.893±0.08)·1020/gm, and for PEI it is (5.900±0.07)·1020 /gm. For both isomer
sets, these values are close, which indicates that the number of holes should be the same
in isomers, and the positronium annihilation intensity values are not a true indicator of
the number of holes. However considering the dependence of intensity, I3, with hole
number density, Nh, a linear dependence can be noticed as shown in Figure II-28 and 29.
This indicates that there is strong correlation in both quantities. Another correlation of
temperature dependence also indicates that the number of holes increase with increase in
temperature up to Tg and then levels off above Tg as shown in Figure II-30 and 31. This
means that the positronium formation is possible only in those holes which have a size
above a certain threshold value. With an increase in temperature, the holes below this size
expands, becomes larger than the threshold value and allows formation of more
positronium.60, 61
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Figure II-28. PALS intensity versus number
free1volume holes plot in the rubbery and
2D of
Graph
glassy states of epoxy-amine networks.
30
25

I3

20
15
10
PET
PEI

5
0

0

1e+20

2e+20

3e+20

4e+20

5e+20

6e+20

7e+20

Nh(/gm)

Figure II-29. PALS intensity versus number of free volume holes plot in the rubbery and
glassy state of PET and PEI.
The increase in o-Ps intensity with the increase in hole number density gives an
indication of their inter dependence. This is also evident from Figure II-30 and 31,
indicating the temperature dependence of hole number density. Similar studies on
temperature dependence of hole number densities have been carried out by Dlubek et al.,
which were assumed constant over the temperature; however, a clear variation can be
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noticed from the data points.62 It is interesting to note that in their case the behavior was
similar to ours, particularly continuous increase of Nh in glassy state, whereas leveling off
for rubbers. They concluded that the larger holes promote formation of o-Ps and above Tg
and I3 varies parallel to τ3. However, Schmidt and Maurer pointed out that although the
intensity continuously increases with increase in temperature, as shown in Figure II-20
34
and 21, it depends upon other parameters too.
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Figure II-30. Temperature dependence of number
of free volume holes in the rubbery and
FV and Vh
glassy states of epoxy-amine networks.
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Figure II-31. Temperature dependence of number of free volume holes in the rubbery and
glassy states of PET and PEI.
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Conclusions
Epoxy-amine isomers based on meta and para crosslinker DDS exhibited Tg and
free volume behavior similar to that previously demonstrated for linear meta and para
isomers. Lower Tg of meta epoxy-amine network isomer system versus para isomer
system was attributed to its higher configurational entropy in the monomer mixture. This
initial trend of higher configurational entropy retains in their respective oligomers, as
well as in the final network formed. The free volume parameters are calculated from
application of S-S EOS to the PVT data, and both para and meta epoxy-amine network
isomers exhibited similar occupied volumes. Both para and meta isomers exhibited
similar free volume above Tg. But at and below Tg, meta isomer exhibited lower free
volume than para isomer because of lower Tg. The higher value of Tg leads to higher
amount of frozen in free volume in the glassy state when the network cools down to room
temperature. This is evident from the PALS data also, which indicates higher mean free
hole volumes in para isomer based system below their Tg; however, above the Tg there
was an overlap. Both epoxy-amine networks and isomeric linear polyesters indicate
similar trend of Tg and free volume behavior. The fractional free volume obtained by S-S
EOS was correlated with product of hole free volume and o-Ps intensity to calculate
correlation coefficient, C. A clear trend of increase of o-Ps intensity and hole number
density with temperature was observed.
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CHAPTER III
WATER INGRESS BEHAVIOR IN CROSSLINKED EPOXY-AMINE NETWORKS:
EFFECT OF FREE VOLUME, EPOXY FUNCTIONALITY AND CURING CYCLE
Abstract
A number of epoxy-amine networks were meticulously selected based on their
differences in average hole free volume, chemical composition and number of polar
groups. Two difunctional epoxy resins, diglycidyl ether of bis phenol-F (DGEBF) and
diglycidyl ether of bis phenol-A (DGEBA); two trifunctional epoxy resins, m-triglycidyl
amino phenol (m-TGAP) and p-triglycidyl amino phenol (p-TGAP) and one
tetrafunctional epoxy resin, N,N,N’,N’-tetraglycidyl-4,4’-diamino diphenyl methane
(TGDDM) were used in this study. 3,3’-diamino diphenyl sulfone, 3,3’-DDS (meta) and
4,4’- diamino diphenyl sulfone, 4,4’-DDS (para) were two isomers used as crosslinkers to
alter Tg and network architecture while keeping chemical interaction the same. The water
ingress behavior of epoxy-amine networks was investigated using gravimetric, dynamic
mechanical and free volume analysis. Water was chosen as solvents due to its natural
abundance and its small van der Waals (vdW) volume, in particular it is smaller than the
threshold hole free volume of most of the networks under studied. Excellent correlation
was observed between average hole size of epoxy-amine networks and extent of
penetration. Dynamic mechanical analysis (DMA) was performed to observe change in
dynamic storage modulus and Tg with respect to the degree of soaking. Competing effects
of the sorption of water in the free volume cavities and strong interactions between water
molecules and polar groups in the network were used to explain the diffusion behavior.
DMA analysis seemed to be sensitive to the effect of water, and the viscoelastic behavior
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was related both to the sorption processes and to the resulting microstructure of the
system. Absorbed moisture was observed to plasticize the polymer matrix and decrease
the temperatures of the α-transition. The intensities of the transition peaks of samples
were found to decrease with solvent uptake. It was observed that meta isomer crosslinker
based epoxy-amine networks showed small water uptake as compared to their para
isomer counterpart.
Introduction
Although polymers have good chemical resistance, there is free volume between
polymer chains through which chemicals can permeate. The ingress of chemicals into
polymers can have a critical effect on the service performance of a component or
structure.1 Structural and adhesive epoxy networks can encounter harsh solvents during
their service life as they can be exposed to paint strippers and hydraulic fluids; therefore,
it is important to study the effect of various solvent systems.3 The ingress of solvents into
a polymer can lead to increase in weight, swelling, decrease in Tg and degradation of
mechanical properties. Atmospheric moisture uptake can have a direct effect on physical
properties; therefore, water is the most commonly used solvent system studied for
polymers.2
The solvent ingress in polymers is a combination of two interrelated processes:
dissolution and diffusion. Dissolution is the process of absorption of the chemical in the
polymer. It depends on the affinity (interaction energy) of the polymer for the absorbing
molecule, the volume available for absorption and the external concentration. Diffusion
is the concentration gradient driven process whereby the absorbed molecules are
transported within the polymer and diffusion properties are characterized via diffusion
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coefficients. The amount of solvent that can be absorbed under any particular set of
conditions is controlled by the solubility. The permeability of a molecule in a polymer is
normally defined as the product of the solubility and mobility (diffusion). The ensemble
average and equilibrium states are determined by thermodynamic energy considerations,
and mass transport is driven by differences from equilibrium in species concentrations or
partial pressures.
Epoxy resins are of great interest due to their excellent mechanical and thermal
properties, chemical resistance and good adhesion to many substrates. These thermoset
resins are an infinite network built from the crosslinking of multifuntional molecules. The
most important factors that influence their performance are molecular architecture, ratio
between epoxide and hardener, and curing conditions. Through the selection of
appropriate repeat units with an appropriate molecular structure, the rigidity of epoxy
networks can be controlled. Stoichiometry and curing conditions predominantly affect
crosslinking density, free volume and mechanical properties. The effects of chemical
structure of epoxy network on Tg, mechanical and free volume properties have been
widely investigated in past.4-6
It has been illustrated that free volume7 and chemical affinity8 are the two
intrinsic factors that determine the absorption and transport of moisture. Several
relationships between water sorption and free volume properties have been found. Higher
glass transition of polymer networks leads to large amount of frozen in free volume when
the networks cool down to the room temperature. This large amount of free volume easily
accommodates small penetrant molecules in these holes.
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The mechanism of moisture absorption in the various types of epoxy networks has
been widely investigated, but it is still not fully understood. One important issue is the
state of aggregation of the water molecules within the bulk of the material. The penetrant
population can be divided into molecules forming an ordinary polymer–diluent solution
and those absorbed into hydrophilic sites or trapped into the “excess” free volume frozen
in the glass structure. Due to various states of the penetrant molecules within the matrix,
the overall penetrant uptake cannot be considered as a reliable measure of the degree of
plasticization.
For the past 50 years, the free-volume theory has served as the main basis for the
description of solvent diffusion behaviors in polymer solutions.9, 10 Free volume is
defined as the unoccupied volume surrounding the hard core volume.11, 12 According to
the free-volume theory, it is assumed that a hole or vacancy of sufficient size adjacent to
the diffusing molecule is the dominant factor for solvent transport in polymers.13-16
Therefore, it is reasonable to correlate the hole size with the size of the penetrant.17
While some researchers considered free volume as the factor solely responsible for water
uptake, it was also observed that chemical affinity may also be resposible.18, 19 Epoxy
networks consist of several polar groups, which provide a driving force for penetrant
molecules to enter into the matrix. The equilibrium water uptake of epoxy-amine
network at room temperature is dependent on the amount of free volume fraction,
the chemical interaction between the network and the solvent, and the ability of
the epoxy network to swell.
The influence of the chemical structure and curing conditions on the local free
volume in epoxy systems has interested many authors. Relatively scarce publications on
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the relation between the macro- and nanoscale volume variations, chemical structure and
solvent transport in thermosetting networks exist. Granata et al. observed a direct
relationship between the equilibrium volume fraction of water absorbed and the
dry relative free volume fraction in epoxy coatings. They also observed an interesting
fact that the free volume cavity sizes and the number of free volume cavities per
unit volume of these epoxies decreased by 3-4% and 3-19%, respectively, when
fully saturated with water. These decreases were correlated to the occupation of 1317% of the free volume cavities by 24 water molecules per cavity.20 The free
volume cavity sizes of polyglycol diepoxide coatings were found to increase by 414% after water saturation. This increase is ascribed to expansion of the free
volume cavities by water, which is substantiated by the macroscopic swelling
observed in the coatings. An inverse, linear relationship was observed between
equilibrium water uptake and the relative fractional free volume (FFV) of the
coatings. This result indicates that other factors (solvent interactions and swelling),
not the magnitude of the FFV, affect the amount of water absorbed by epoxy
coatings. The Langmuir affinity constant increased with a increase in carbonyl group
density, and the Langmuir capacity constant increased with FFV.21 The effects of the
curing cycle on physical and mechanical studies have been widely studied previously;
however, there is limited literature on the effect of the curing cycle on water uptake.
Perrin et al. in their study of DGEBA/DGEBF epoxy and aliphatic amine crosslinked
networks found that the water uptake was higher for fully crosslinked networks as
compared to low-crosslinked.22
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To control the moisture uptake in epoxy resins, the free volume properties of
polymers, size of penetrant and the transport mechanisms must be understood. The
diffusion of small molecules into polymers is a function of both the polymer and the
diffusant. Factors which influence diffusion include (a) the molecular size and physical
state of the diffusant; (b) the morphology of the polymer; (c) the compatibility or
solubility limit of the solute within the polymer matrix; (d) the volatility of the solute;
and (e) the surface or interfacial energies of the monolayer films. Researchers have
attempted to explain specific mechanisms by which diffusion occurs in polymeric
systems, but there is no unified theory to explain this phenomenon.23-25 While water
follows Fickian diffusion, organic solvents, such as MEK, follow non Fickian diffusion.
The transport of water into the polymeric membrane has been studied using
several techniques. The foremost is gravimetric analysis by immersion in water or
pervaporation apparatus by applying pressure on one side.26, 27 ATR-FTIR is also a
widely used technique to study solvent transport through membranes.28 Recently Musto
et al. studied an epoxy resin formulation composed of tetraglycidyl-4,4-diamino
diphenylmethane (TGDDM) and 4,4’- DDS, using Fourier transform near infrared (FTNIR) spectroscopy and DMA. They claimed that the data collected at different
temperatures are in good agreement with conventional gravimetric measurements, which
verifies the reliability and accuracy of both experimental approaches.29
As mentioned earlier solvent uptake is controlled by both free volume and
chemical affinity; therefore, in this study ten sets of epoxy networks were selected by
systematically varying free volume and the number of polar groups. It is obvious that
meta and para diamine crosslinkers will give the same number of polar groups for the
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same epoxy; however, the hole size and fractional free volume will be different.
Networks prepared by 4,4’-DDS have larger hole free volume as well fractional free
volume as compared to 3,3’-DDS using same epoxy.30 To vary chemical affinity we used
different epoxy resins containing di, tri and tetra glycidyl groups. The focus of the present
study is to correlate hole free volume with respect to the extent of penetration using five
different epoxy resins. We further extended our study by varying the curing cycles and
keeping other parameters constant.
Experimental
Materials
The most widely used epoxy resins are the diglycidyl ethers of bisphenol-A
(DGEBA) and bisphenol-F (DGEBF). The desirable characteristics of these resins are a
result of the bisphenol-A moiety (toughness, rigidity, and elevated temperature
performance), the ether linkages (chemical resistance), and the epoxy groups (adhesive
properties and reactivity with a wide variety of chemical curing agents). DGEBF has a
lower viscosity than DGEBA despite having a similar structure. Epoxies with higher
functionality have lower gel time, excellent mechanical and thermal properties and high
char yields. The chemical structures of the diamine crosslinkers and epoxy resins are
shown in Scheme III-1. The isomeric aromatic diamine crosslinkers, 3,3’-DDS and 4,4’DDS, were purchased from Aldrich. The difunctional epoxy resins were supplied by
Hexion Speciality Chemicals Co. as EPON 825 (DGEBA, 175 g/eq.) and EPON 862
(DGEBF, 165 g/eq.). All multifunctional epoxy resins were supplied by Huntsman
Advanced Materials as Araldite MY610 (m-TGAP), MY510 (p-TGAP), and MY721
(TGDDM). HPLC grade water was purchased from Fisher. The selection of epoxy resins
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and diamine crosslinkers was based on the fact that the final network should have a
significant difference in the free volume of network; however, the polarity and chemical
affinity should remain similar.

Scheme III-1. Chemical structures of the epoxy-amine network components: crosslinker;
diaminodiphenylsulfone (DDS) isomers, diglycidyl ether of bis-phenol-F (DGEBF),
diglycidyl ether of bis-phenol-F (DGEBA), m-triglycidyl epoxy aminophenol, ptriglycidyl epoxy aminophenol and tetraglycidyl diamino diphenylmethane.
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Sample Preparation
Epoxy samples were prepared by mixing stoichiometrically equivalent amounts of
epoxy and amine in an Erlenmeyer flask with a vacuum fitting. The mixture was stirred
and heated to 100 °C while under vacuum until all amine was dissolved and all bubbles
were removed. At this point the vacuum was removed and epoxy was cast into silicone
molds. To cure the samples the molds were placed into a programmable oven. A twostep curing cycles was chosen to achieve ultimate curing and highest glass transition. A
one-step curing cycle utilized to mimic cost saving industrial protocol and the samples
were cured at 180 °C for 3 hrs. All samples have 1:1 stoichiometric ratio of amine and
epoxy and are designated as crosslinker-epoxy. We have denoted 3,3’-DDS as “33” and
4,4’-DDS as “44.” Similarly DGEBA is assigned a short form “A,” DGEBF is assigned
“F,” m-TGAP as “610,” p-TGAP as “510,” and TGDDM as “721.” Therefore an epoxy
network prepared by 3,3’-DDS and m-TGAP will be assigned a short name of 33-610.
The two-step curing cycle was considered standard curing in our previous studies;
therefore, only the one-step curing cycle will have a prefix I- and a network prepared
using 4,4’-DDS and DGEBF by one step curing will be designated as I-44-F. For twostep curing, all samples were cured for 5 hrs at 125 °C and post cured at 225 °C for 2 hrs.
Due to incomplete curing observed in DSC, the two-step cured 4,4’-DDS- DGEBA
sample was post cured at 250 °C for 2 hrs.
Gravimetric Analysis
Absorption of liquids into polymers can be studied through gravimetric
measurements since liquid densities are larger as compared to gas densities. ASTM
D570-98 and ISO 62 are some of the standards that are used to study absorption of water
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by immersion methods. The following protocol was developed for studying water
absorption in epoxy networks. All samples were conditioned in a vacuum oven at 80 °C
for 24 hours prior to immersion. Weight measurements were obtained using a digital
balance of accuracy 0.001 mg. Fluid uptake curves were generated by placing two preweighed samples of each material into individual scintillation vials filled with HPLC
grade water. Samples were placed at 25 °C in a Fisher Scientific Model 146E incubator
and removed only for weighing. The samples were removed at predetermined intervals,
weighed to generate solvent uptake curves and returned again to the solvent jar. The
procedure was repeated until the sample reached saturation weight uptake.
DMA
Dynamic mechanical properties were performed using a DMTA V by Rheometric
Scientific. The samples of dimensions 1mm x 5mm x 15mm were obtained by curing Bstage epoxy and diamine mixture into silicone molds. The experiments were conducted in
tensile mode at a temperature ramp rate of 5 ºC/minute, strain rate of 0.5%, and a
frequency of 1 Hz. Temperature scans were from 30 ºC to 300 ºC for difunctional epoxy
and from 30 ºC to 350 ºC for multifunctional epoxy. Unsoaked samples were used as
control samples. Solvent soaked samples were removed at certain intervals from the jar
and carefully wiped using Kimwipe® right before starting measurements. Tan δ peak was
further analyzed for its peak position, peak height and FWHM using PeakFit® software
assuming peak profile as Lorentz amplitude.
PALS
PALS measurements were conducted using a custom built instrument employing
22

Na as a positron source. The spectrometer holds two samples of 1 mm thickness and 1
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cm diameter with the positron source sandwiched in it. For this purpose, a custom built
setup was used with Hamamatsu H3378-50 Photo Multiplier Tubes with BaF2
scintillation crystals attached on them to detect birth and death signals of positron. A fastfast coincidence system based on commercial EC&G Ortec NIM modules (model 583
constant-fraction discriminators), and a model 566 time-to-amplitude converter was used.
Temperature scans were carried out from -30 °C to 200 °C in a stepwise fashion with 5
°C intervals with one hour periods for 106 number of counts at each data point.
Because only the longest life-time was used for further analysis, no source
corrections were carried out. The time resolution was determined with the program
Resolution of the PATFIT-88 package. The spectra were decomposed into three discrete
lifetime components using the PATFIT-88 package. The longest lifetime was attributed
to ortho positronium, (o-Ps) pick-off annihilation. In polymers, Ps is trapped by local free
volumes (holes) of the disordered structure and their size controls the o-Ps lifetime, τ3, in
the nanosecond (ns) range. For the calculation of hole sizes, a simple quantum
mechanical model proposed by Tao-Eldrup was used, which assumes the Ps to be
confined to a spherical potential well with infinitely high walls. The assumption of
spherical holes has been justified for flexible-chain polymers (poly-propylene), as well as
for relatively stiff-chain polymers (bisphenol A-polycarbonate)31. In the Tao-Eldrup
model, the electron density of the surrounding molecules is approximated by an electron
layer of constant thickness. From τ3 the mean radius, R, of the local free volume, Vh, may
be calculated using a semiempirical equation proposed by Tao-Eldrup.
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Equation III-1. Tao-Eldrup empirical relationship between o-Ps lifetime and hole radius.

 3  0.5[1 

R
1
1
2R


sin(
)]
R0 2 2
R0

where ∆R = R0-R = 0.1656 nm
The prefactor 0.5 ns in Equation III-1, is equal to the Ps annihilation rate. The
quantities R and ∆R are the radius of the hole and an empirical parameter that describes
the thickness of the electron layer, respectively. The value of ∆R has been determined
before to be 1.656 Å by fitting Equation III-1 to positron lifetime values measured in
systems of known hole sizes. Because the o-Ps lifetime is expected to show a distribution
in polymers, the discrete o-Ps lifetime obtained using the PATFIT-88 package actually
represents a mean value. Thus, we use the terms “average o-Ps lifetime” for o-Ps and
“average hole radius” for R.
Results and Discussions
The epoxy-amine networks used in this study are generally used for structural
component applications; therefore, DMA was utilized as a major technique to probe glass
transition and mechanical properties for a wide range of temperatures.32 The glass
transition was determined by the tan δ peak position of DMA scans. All sets of epoxy
networks cured by using para diamine showed higher Tg as compared to their
corresponding network prepared by meta diamine as shown in Figure III-1 and Figure III2. The higher Tg in the para isomer based networks is attributed to the smaller initial
configurational entropy of their corresponding monomer mixture.
Increase in rigidity of the difunctional epoxy by incorporation of an
isopropyledene unit also increases the glass transition temperature of the final network.

95
The increase in Tg due to an increase in chain rigidity in linear polymers is a welldocumented phenomenon that describes a higher onset of long range segmental mobility
due to rigidity. Increase in functionality from difuntional to tri- and tetra- also impart
tightness in network connectivity, and this leads to an increase in Tg. An interesting
phenomenon worth noting here is isomerism within 610 (meta) and 510 (para) epoxies.
The para epoxy also indicates larger Tg as compared to meta epoxy keeping the same
diamine crosslinker; however, the difference is not as significant as seen in the case of
isomeric diamine crosslinkers with the same epoxy.
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Figure III-1a. Dynamic mechanical behavior of virgin difunctional epoxy-amine
networks to indicate Tg from tan δ peak.
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virgin isomer comparison
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Figure III-1b. Dynamic mechanical behavior of virgin difunctional epoxy-amine
networks to indicate dynamic storage modulus in the glassy and rubbery regions.
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Figure III-2a. Dynamic mechanical behavior of virgin multifunctional epoxy-amine
networks to indicate Tg from tan δ peak.
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Multifunctional epoxy networks: Curing schedule
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Figure III-2b. Dynamic mechanical behavior of virgin multifunctional epoxy-amine
networks to indicate dynamic storage modulus in the glassy and rubbery regions.
The Tg is the most important property that depends upon the epoxy curing cycle
and it can be a direct measure of conversion.33 It is clear from the values in Table III-1
that the one-step curing cycle always leads to lower glass transition temperatures for the
same set of epoxy and amine. Often one-step curing cycle results in under cured samples
and creates a different morphology than two-step curing cycle. The under-cured samples
have dangling bonds, as well as loosely connected microgels, which lead to larger
configurational entropy and a lower onset of segmental mobility. In the two-step curing,
the first step of 125 °C at 5 hrs. leads to the formation of linear units; these linear units
further crosslink at 225 °C for 2 hrs. The relative reactivities of the primary and
secondary amines play a significant role in two-step curing cycle and can be explained in
terms of structural difference and substituent effects. Electron donating substituents to the
benzene rings are found to increase reactivity of both primary and secondary amine.34
Electron withdrawing groups show opposite trends. Due to the presence of meta directing
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sulfone group, the primary amine on 3,3’-DDS has higher reactivity or lower activation
energy for nucleophilic reaction than the para substituted primary amine on 4,4’-DDS. It
is important to note that the relative reaction rate of the primary and secondary amine
Rs/Rp for 4,4’-DDS is 0.223, which indicates higher reactivity of the primary amine.34
The higher reactivity of primary amines leads to formation of linear units first and
crosslinking takes place when most of the primary amine has been consumed. In one-step
curing cycle the amine loses its selectivity and reactivity is significantly high due to a
sudden high temperature, 180 °C for 3 hrs., and there is competition to form linear unit
and cross-linking. This leads to the formation of a chaotic network in all directions.
A closer examination of DMA plots shows that in addition to Tg, peak height is
lower for one-step curing cycle. Considering crosslink density for isomeric systems, it is
important to note that in the rubbery state the storage modulus values overlap for both
one-step and two-step curing cycle networks consisting of the same amine and epoxy.
This fact could be explained in terms of a reactivation of curing reactions at Tg; hence, in
the rubbery state, both curing cycles provide same connectivity.
Table III-1. Tg and other tan δ peak parameters obtained from DMA for epoxy-amine
networks.
Network

Tg (°C)-DMA-Peak
Two step

Peak Height

FWHM

One step Two step One step Two step

One step

33-F

165.72

162.96

1.062

1.128

13.28

10.22

44-F

184.84

172.81

0.8

0.92

20.21

15.43

33-A

189.55

186.43

1.217

0.98

9.9

11.98

44-A

232.27

206.11

0.79

0.817

12.8

20.1

33-610

233.22

208.9

0.712

0.666

22.54

21.85
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Table III-1. (continued).
44-610
33-510
44-510
33-721
44-721

268.76

242.32

0.598

0.574

28.28

40.5

239.06

224.4

0.59

0.5

19.65

28.16

284.06

279.6

0.46

0.383

20.85

28.55

260.66

249.6

0.544

0.46

18.79

36.42

284.06

290

0.427

0.43

19.4

23.14

From tan δ peak profile in all these networks, it is clear that peak height as well as
full width at half maxima, FWHM, is higher in the meta DDS as compared to the para
DDS based networks in two-step curing cycle. The same is true for peak height in the
one-step curing cycle as well; however, the FWHM trend is opposite except for 44-721.
The smaller peak height in the para isomer is an indicator of smaller damping efficiency
(factor). This fact leads to the conclusion that the para isomer has more elastic motions at
the molecular level; however, the meta isomer has inelastic motions. This inelastic
motion leads to more energy loss. Several studies performed on small molecules based on
diphenylene units also indicate that the para isomer can undergo facile flipping whereas
the meta isomer leads to a completely different conformation that requires a larger
activation energy.35, 36
The broadness of peak, i.e. FWHM, showed interesting trends, where in both
curing cycles, para isomers have larger FWHM. The broadness of the peak has been
attributed to network heterogeneity, particularly considering that undercured samples
have a broader peak. A large variation of microgel particles connected with a small
number of covalent bonds leads to a larger distribution of relaxation times, and therefore
the peak becomes broader.
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The major goal of this study is to correlate free volume properties with solvent
uptake; therefore, average hole free volume was determined using PALS. It has been
established from our previous studies that para isomeric crosslinker based epoxy-amine
networks have larger hole free volume below their glass transition temperature.30 The
temperature scan of mean hole free volume is shown in Figure III-3 for difunctional
epoxy DGEBA, trifunctional epoxy 610 and tetrafunctional epoxy 721 resins cured with
the para DDS. Difunctional epoxies gives the largest hole size followed by tetrafunctional
and then trifunctional. In a PALS study done by L. Yang et al. on a series of epoxy
networks, it was concluded that with an increase in chain rigidity, the size and the
number density of the hole volume fraction increases at Tg.37 It was found that the
hole volume fraction at Tg approximates a linear relationship with the packing
densities of the epoxy network. The results are interpreted as a decrease of the
efficiency of molecular packing with increasing network rigidity. As a result,
macroscopic material properties, such as Tg, density and thermal expansion, show
considerable variations. However, this comparison was done between rigid aromatic
diamine and flexible diamine; therefore, a huge difference in properties was expected due
to a difference in the chemical structures of the crosslinkers in the first place. The same
structure to Tg relationship can be applied to present system since higher chain rigidity of
para isomers is responsible for higher Tg. This higher value of Tg leads to a higher
amount of frozen in free volume at room temperature. It can also be considered
geometrically that trifunctional epoxy has only phenylene bridge; therefore, it should
have a smaller cavity size as compared to other epoxies that have two phenylene bridges.
Note that the meta epoxy has a smaller hole size as compared to the para epoxy for the
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same crosslinker. In the previous study it was established that the epoxy system cured
using isomeric amines, the hole size is significantly smaller for the meta DDS cured
system.30 The same relation holds true for trifunctional epoxy 610, which is meta isomer
of 510.
Average hole size: Di-, tri- and tetra-functional epoxy
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Figure III-3.Temperature dependence of mean hole free volume obtained by PALS for
epoxy-amine networks with different functionality.
In addition to Tg, density, modulus and free volume of the material changes
significantly after curing with increasing conversion. Venditti et al. studied the specific
volume and the modulus with increasing conversion.38 They suggested that specific
volume, modulus and fractional free volume at 25°C versus conversion data qualitatively
correlate. The anomaly of the increasing specific volume in the glassy state with
increasing conversion is considered to arise from changes in free volume on a length
scale corresponding to angstroms. The increasing free volume with increasing conversion
is related to the phenomenon of antiplasticization.
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As shown in Figure III-4a to d all one-step cured networks have a smaller hole
free volume as compared to two-step cured. As mentioned earlier one-step curing gives
lower Tg and completely different morphology due to lower selectivity at a high
temperature. Both lower Tg and random network architecture leads to a decrease in hole
size in the case of one-step curing.
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Figure III-4a.Temperature dependence of mean hole free volume obtained by PALS for
33F and I-33F epoxy-amine networks with two-step and one-step curing cycles.
44F v/s I-44F

90
I-44F
44F

80

Vh (A3)

70
60
50
40
30
220

240

260

280

300

320

340

Temperature (K)

360

380

400

103
Figure III-4b .Temperature dependence of mean hole free volume obtained by PALS for
44F and I-44F epoxy-amine networks with two-step and one-step curing cycles.
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Figure III-4c.Temperature dependence of mean hole free volume obtained by PALS for
33A and I-33A epoxy-amine networks with two-step and one-step curing cycles.
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Figure III-4d. Temperature dependence of mean hole free volume obtained by PALS for
44A and I-44A epoxy-amine networks with two-step and one-step curing cycles.
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Since the major goal of this study was to establish the relationship between hole
free volume and extent of water ingress, all samples were immersed in the solvents to
study diffusion behavior. In addition to rates of diffusion, ability to diffuse is governed by
the hole size free volume. A physical selection process is based upon the size of the
solvent and the size of the pores. If the van der Waals volume of the solvent is larger
than the hole sizes within the epoxy, no ingress will occur regardless of affinity.
Conversely, molecules with sufficiently small van der Waals volumes always contain the
potential to absorb but must have some driving force to do so. For example, polystyrene
will not absorb water even though it could easily fit within its pores.39 The large number
of polar groups in epoxy-amine networks attracts polar water molecules and provide
driving force; however, the hole size should be large enough to allow entry of penetrant
molecules.
To correlate structure and free volume of the epoxy networks with water ingress
behavior, the sorption of water in all samples was investigated at 25°C. The mathematical
representation of the transport of water in polymers can be explained as follows.41 For a
plane polymer sheet exposed to a diffusing fluid, the change of the concentration of the
diffusant, C, at a distance x from the contacting surface as a function of time, t, is
expressed by Fick’s second law:
Equation III-2. Fick’s second law.

C
 2C
D 2
t
x
where D represents the diffusion coefficient. If the initial concentration, C0, of the
diffusant is constant at the surface and reaches a value of Cmax at equilibrium, then the
solution of Fick’s second law can be shown as:
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Equation III-3. Fick’s second law.

  D(2n  1) 2  2 t 
C  C0
4  (1) n
(2n  1)x
 1 
exp 
 cos
2
Cmax  C0
 n  0 2n  1 
L
L

where n is an integer. The mass, M, of diffusant taken up by the polymer as a function of
time, is obtained by integrating Equation III-3 over the entire thickness, L, as follows:
Equation III-4. Solution to Fick’s second law.
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For Mt =Ms ratio less than 0.6, Equation III-4 may be approximated by the following
expression:
Equation III-5. Fick’s second law in simplified form.
Mt  4

M s  L 


D  t


The increase in mass divided by the initial mass, measured at regular time
intervals, is plotted against time in order to study the absorption curve. Saturation mass
uptake, Ms, is defined when the weight gain from three successive measurements differ
by less than 1% of the overall weight gain. Mt is the percentage of weight gain due to
water sorption and Ms is saturation weight gain. Mt/Ms versus the square root of the time
of exposure were plotted as shown in Figure III-3.
By using Equation III-5 and plotting Mt/Ms vs 4 t1/2/L(π)1/2, where Mt is the mass
at time, t, Ms is the equilibrium saturation value, and L is the thickness of the sample, the
diffusion constant is proportional to the slope of the initial linear portion of the curve.
The weight uptake curve was linearly fitted up to Mt/Ms values of 0.5 and the slope of the
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line was extracted. By squaring the value of the slope, the diffusion coefficient can be
calculated. The diffusion coefficient is a measure of the rate at which, in this case water,
can diffuse into the sample. The results are shown in Table III-2.
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Figure III-5a. Water uptake (%) behavior of two-step cured difunctional epoxy-amine
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Figure III-5b. Water uptake behavior of two-step cured difunctional epoxy-amine
networks to calculate and compare the diffusion coefficients by considering Fickian
behavior.
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Figure III-6a. Dynamic mechanical behavior of two-step cured difunctional epoxy-amine
networks to compare the effect of water after a 22 day soak as indicated by Tg from tan δ
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Figure III-6b. Dynamic mechanical behavior of two-step cured difunctional epoxy-amine
networks to compare the effect of water after a 22 day soak as indicated by dynamic
storage modulus in the glassy and rubbery regions.
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Figure III-7a. Water uptake (%) behaviorWater
of one-step
cured epoxy-amine networks.
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Figure III-7b. Water uptake behavior of one-step cured epoxy-amine networks to
calculate and compare the diffusion coefficients by considering Fickian behavior.
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Table III-2. Water uptake values and diffusion coefficients for epoxy-amine networks.
Network
33F
44F
33A
44A
33-610
44-610
33-510
44-510
33-721

Network
I-33F
I-44F
I-33A
I-44A
I-33-610
I-44-610
I-33-510
I-44-510
I-33-721
I-44-721

Equilibrium
(Mmax)
1.76

0.028

1.63

Diffusivity
(10-9 cm2s-1)
1.239

3.28

0.033

1.63

1.778

2.87

0.039

1.64

2.399

4.00

0.043

1.63

2.882

7.30

0.016

1.6

0.413

8.75

0.020

1.61

0.640

6.48

0.020

1.65

0.673

9.45

0.024

1.69

0.992

5.86

0.021

1.7

0.780

Thickness (L)

Equilibrium
(Mmax)
2.67

Slope

Slope

Thickness (L)

0.032

1.63

Diffusivity
(10-9 cm2s-1)
1.619

2.89

0.035

1.65

1.959

3.03

0.039

1.61

2.420

3.09

0.047

1.64

3.562

5.99

0.018

1.65

0.502

7.74

0.019

1.65

0.639

5.85

0.019

1.68

0.612

6.85

0.024

1.66

0.933

4.96

0.026

1.58

0.973

5.26

0.032

1.63

1.635
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From the equilibrium uptake values as shown in Table III-2, it is clear that the
para isomer based networks always have higher values of water uptake for all epoxyamine networks, as well as for both curing cycles. Similarly diffusivity, D, is always
higher for the para isomer based networks. Some of the diffusivity values are in
agreement with the previously reported values. Li et al. reported the values of diffusivity
for 44A, 44-510 and 44-721 at 35 °C as 4.18, 1.15 and 1.58 10-9 cm2s-1 respectively.8
However, they have used a different five-step curing cycle under vacuum. The curing
cycle also affects the equilibrium uptake, as well as the diffusion coefficient values. The
difunctional epoxy based networks did not show any specific trend in saturation uptake;
however, all multifunctional networks have lower saturation uptake in the case of onestep curing. On the other hand, the diffusion coefficient is larger for one-step cured
multifunctional epoxy based networks. Similar behavior in an increase of the diffusion
coefficient with a reduction in the curing temperature has been reported previously.42
The effect of free volume in determining the moisture uptake of epoxy was also
recognized by several authors.43 They explained the increase in water uptake by the
increase in Tg due to the increment of frozen in free volume. The water uptake values
were further correlated with an effect on Tg and mechanical properties using dynamic
mechanical analysis.44 The selection of this test was based on the fact that epoxy
networks are used as high performance structural materials and simultaneous
measurements of thermal and mechanical properties is essential. The following facts must
be outlined from the data obtained in this study and are in agreement with above
literature: the diffusivity, D, and the equilibrium uptake values of the networks increased
with the average hole free volume. These parameters are directly related to the rate of
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water diffusion in the network structure. The larger hole free volume of the 44A directly
correlates to a higher diffusion rate.
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Figure III-8a. Water uptake (%) behavior of two-step cured multifunctional epoxy-amine
networks.
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Figure III-8b. Water uptake behavior of two-step cured multifunctional epoxy-amine
networks to calculate and compare the diffusion coefficients by considering Fickian
behavior.
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Figure III-9a. Water uptake (%) behavior of one-step cured multifunctional epoxy-amine
networks.
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Figure III-9b. Water uptake behavior of one-step cured multifunctional epoxy-amine
networks to calculate diffusion coefficients by considering Fickian behavior.
Dynamic mechanical properties of the virgin epoxy-amine networks are shown in
Figure III-2 and important parameters are tabulated in Table III-1 for relative comparison
purposes. The films were monitored using DMA for Tg from the tan δ maxima. Three
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samples of each formulation were evaluated to ensure reproducibility. Tg values obtained
by DMA are always higher for para isomers. This significant difference in glass transition
temperatures of both isomers can be attributed to the fact that the meta DDS isomer has a
more flexible structure since it can rotate along the sulfone bridge. The rigid para isomer
leads to a larger onset temperature of long range segmental motions; hence, Tg for the
para isomer is approximately 30 ºC higher. All virgin samples indicated only a single tan
δ peak, which indicates that the network is homogeneous and responds uniformly. This
network homogeneity is attributed to the presence of intermolecular hydrogen bonds
within the network which impart a uniform mechanical response. After soaking in the
solvent, tan δ peak broadens and splits into two peaks, which is an indication of the
development of heterogeneity due to the breaking of hydrogen bonds, as well as
localization of solvents in high free volume cavities. With an increase in soaking time,
the tan δ height decreases significantly, which is a measure of low energy dissipation.45
Although several researchers have considered area under the peak as damping efficiency,
in our case, it remained the same even after soaking and no correlation can be
established. 46
The dynamic storage modulus curves of virgin epoxy-amine networks are
comprised of three parts. The first part is the glassy region which values close to several
GPa. The second region is the Tg where modulus value suddenly drop from 109 Pa to 107
Pa. The third region is the rubbery plateau where modulus values are few MPa. This
region indicates connectivity of covalent bonds and therefore, is utilized for calculating
network density by using concept of rubber elasticity. Tobolsky proposed the following
relationship:47
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Equation III-6. Relationship between rubbery storage modulus and crosslink density.
E’R=3φdRT/Mx
Neglecting the effects of dangling bonds Mx=d/ρ, where Mx is the molecular
weight between crosslinks (g/mole), d is the density of the polymer (g/cm3) and ρ is the
concentration of the network chains (mole/cm3). Therefore we can deduce the equation as
follows:
Equation III-7. Relationship between rubbery storage modulus, front factor and
temperature.
E’R=3φρRT=3φkBT
Where E’R is the dynamic storage modulus in the rubbery region, φ is the front
factor which is close to unity, ρ is the crosslinking density, R is the gas constant, kB is
Boltzman’s constant and T is temperature in K. As shown in the storage modulus plots
for virgin isomers, it is clear that the rubbery regions of both isomers overlap and the
difference is only seen in the glassy regions and the Tg. Furthermore, close examination
of solvent soaked scans indicates that the rubbery regions overlap with virgin samples
where all the solvent is driven off above Tg.
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Figure III-10a. Dynamic mechanical behavior of difunctional epoxy-amine network, 33F
prepared by two-step and one-step curing to compare the effect of the degree of soak in
water as indicated by Tg from tan δ peak.
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Figure III-10b. Dynamic mechanical behavior of difunctional epoxy-amine network, 33F
prepared by two-step and one-step curing to compare the effect of the degree of soak in
water as indicated by dynamic storage modulus in the glassy and rubbery regions.
The first tan δ peak is attributed to the solvent rich phase, and the second peak is
of high density region of network, which was less affected by the solvent. Solvent
penetration leads to a continuous decrease of main Tg, as well as at peak height. This
decrease in Tg is due to swelling and plastization. The decrease in peak height is due to
the presence of solvent molecules inside the cavities, which does not allow dissipation of
energy due to intermolecular hydrogen bonding. Nevertheless, the broadening of
secondary tan δ peaks in the glass transition region followed a different trend in both
curing cycles. For two-step curing, the height of the secondary peak was less than the
height of the main peaks at the higher temperatures. For one-step curing, in the case of
33F, the behavior was the opposite with the height of the lower-temperature peaks larger
than that of the high-temperature peaks. This behavior is better observed if the tan δ
signal for each water content is shifted under the area of the tan δ peak of the dry
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material, making the higher-temperature peaks coincide with the temperature of the
reference peak of the dry material. These figures revealed that while the tan δ height was
diminished in the region of the Tg of the dry material, a net increment of tan δ values in
the temperatures below the Tg of the dry material had existed.
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Figure III-11a. Dynamic mechanical behavior of difunctional epoxy-amine network, 44F
prepared by two-step and one-step curing to compare the effect of the degree of soak in
water as indicated by Tg from tan δ peak.
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Figure III-11b. Dynamic mechanical behavior of difunctional epoxy-amine network, 44F
prepared by two-step and one-step curing to compare the effect of the degree of soak in
water as indicated by dynamic storage modulus in the glassy and rubbery regions.
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Figure III-12a. Dynamic mechanical behavior of difunctional epoxy-amine network, 33A
prepared by two-step and one-step curing to compare the effect of the degree of soak in
water as indicated by Tg from tan δ peak.
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Figure III-12b. Dynamic mechanical behavior of difunctional epoxy-amine network, 33A
prepared by two-step and one-step curing to compare the effect of the degree of soak in
water as indicated by dynamic storage modulus in the glassy and rubbery regions.
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Figure III-13a. Dynamic mechanical behavior of difunctional epoxy-amine network, 44A
prepared by two-step and one-step curing to compare the effect of the degree of soak in
water as indicated by Tg from tan δ peak.
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Figure III-13b. Dynamic mechanical behavior of difunctional epoxy-amine network, 44A
prepared by two-step and one-step curing to compare the effect of the degree of soak in
water as indicated by dynamic storage modulus in the glassy and rubbery regions.
Physical properties are affected by the ingress of water into the system. The
presence of small molecules plasticize the resin and the extent of plasticization is based
on the rate of absorption and time exposed. Figure III-10 to 13 shows the DMA results of
water soaked samples with both curing cycles. The 66 day soaked samples ware
compared to virgin samples. It is believed that all the samples reached equilibrium after
65 days. Due to the small van der Waals volume of water molecule, as compared to the
hole free volume of the epoxy, water is able to infiltrate all areas of the epoxy rather
quickly. Water ingresses from both sides and met in the middle. After the fronts met, the
diffusion is no longer Fickian, or dependent upon a concentration gradient. This is the
reason rates of diffusion are calculated in the first several hours of absorption. This
theory of rapid saturation is confirmed by tan δ plots. Both virgin samples show a single
sharp peak centered at the glass transition. In the soaked samples, a visible decrease in
the tan δ peak is observed, as well as the presence of an additional peak several degrees
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lower. The first peak is reduced due to plasticization of the epoxy network by water. If
the system were to follow Fickian diffusion, the initial tan δ peak would remain
unchanged until complete saturation as there would still be a population of unaltered
material at the center. Since the tan δ peak is reduced almost immediately, it leads to the
conclusion that water penetrates the entirety of the sample quickly.
The presence of the smaller peak is due to hydrogen bonding of the water to polar
groups within the resin. It is interesting to note that the relative heights of the hydrogen
bonding peak is different between the 33F and 44A samples and is related to the
relationship between hydrogen bonding sites and available free volume. The ratio
between free volume and hydrogen bonding sites is smaller in the 33F sample, so the
difference in peak height is also smaller. Conversely, the 44A sample has a large amount
of free volume relative to the available hydrogen bonding locations and therefore, has a
larger difference in peak height.
Multifunctional
All multifunctional networks were highly susceptible to water, primarily due to
the large number of polar groups and hole volume being larger than the size of water
molecules. The saturation uptake of water is much larger compared to difunctional
networks. The tan δ peak also broadens to a great extent compared to difunctional epoxy.
However, a similar trend can be observed while comparing isomeric crosslinkers. Para
isomer based networks show greater extent of water penetration and deterioration of
mechanical properties. The difference in split tan δ peak in the case of trifunctional epoxy
is smaller than difunctional epoxy; however, tetra functional epoxy lies in between.
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Figure III-14a. Dynamic mechanical behavior of multifunctional epoxy-amine network,
33-610 prepared by two-step and one-step curing to compare the effect of the degree of
soak in water as indicated by Tg from tan δ peak.
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Figure III-14b. Dynamic mechanical behavior of multifunctional epoxy-amine network,
33-610 prepared by two-step and one-step curing to compare the effect of the degree of
soak in water as indicated by dynamic storage modulus in the glassy and rubbery regions.
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Figure III-15a. Dynamic mechanical behavior of multifunctional epoxy-amine network,
44-610 prepared by two-step and one-step curing to compare the effect of the degree of
soak in water as indicated by Tg from tan δ peak.
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Figure III-15b. Dynamic mechanical behavior of multifunctional epoxy-amine network,
44-610 prepared by two-step and one-step curing to compare the effect of the degree of
soak in water as indicated by dynamic storage modulus in the glassy and rubbery regions.

123
33-510-Water
0.8
33-510
33-510-66days-water
I-33-510
I-33-510-66days-water

0.6

Tan

0.4

0.2

0.0
50

100

150

200

250

300

350

Temperature (°C)

Figure III-16a. Dynamic mechanical behavior of multifunctional epoxy-amine network,
33-510 prepared by two-step and one-step curing to compare the effect of the degree of
soak in water as indicated by Tg from tan δ peak.
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Figure III-16b. Dynamic mechanical behavior of multifunctional epoxy-amine network,
33-510 prepared by two-step and one-step curing to compare the effect of the degree of
soak in water as indicated by dynamic storage modulus in the glassy and rubbery regions.
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Figure III-17a. Dynamic mechanical behavior of multifunctional epoxy-amine network,
44-510 prepared by two-step and one-step curing to compare the effect of the degree of
soak in water as indicated by Tg from tan δ peak.
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Figure III-17b. Dynamic mechanical behavior of multifunctional epoxy-amine network,
44-510 prepared by two-step and one-step curing to compare the effect of the degree of
soak in water as indicated by dynamic storage modulus in the glassy and rubbery regions.
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Figure III-18a. Dynamic mechanical behavior of multifunctional epoxy network, 33-721
prepared by two-step and one-step curing to compare the effect of the degree of soak in
water as indicated by Tg from tan δ peak.
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Figure III-18b. Dynamic mechanical behavior of multifunctional epoxy network, 33-721
prepared by two-step and one-step curing to compare the effect of the degree of soak in
water as indicated by dynamic storage modulus in the glassy and rubbery regions.
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Conclusions
Water sorption experiments at 25°C and DMA were undertaken to investigate the
characteristics of the sorption and diffusion in the network structures arising from
different curing cycles, number of polar groups and free volume in epoxy-amine
networks. The experimental results of diffusion showed that water follows Fickian
behavior, and the diffusion parameters were determined. Dynamic mechanical analysis
was performed to relate modulus and Tg with respect to degree of soaking. Changes in the
epoxy microstructure, as a result of the different monomer structure and curing cycles,
significantly impacted the solvent diffusion in the material.
Absorbed water was observed to plasticize the polymer networks and decreased
the temperatures of the α-transition. The intensities of the transition peaks of the samples
were found to decrease with solvent uptake. The water sorption in the free volume
cavities of the networks would hinder the chain mobility, and an overall reduction in the
tan δ values should be expected. The average hole size in the multifunctional epoxy based
networks was smaller than that of difunctional networks.
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CHAPTER IV
FREE VOLUME BEHAVIOR OF HYPERBRANCHED POLYESTER POLYOLS:
EXPERIMENT AND MODELLING
Abstract
A systematic investigation of the free volume behavior of two generations of
hyperbranched polyesters based on dimethylolpropionic acid (Bis-MPA) with
ethoxylated pentaerythritol (PP50) as the core was carried out. Experimental data were
obtained using pressure-volume-temperature (PVT) measurements and positron
annihilation lifetime spectroscopy (PALS). The PVT data were fitted to SimhaSomcynsky (S-S) equation of state (EOS) based on lattice-hole theory and Sanchez–
Lacombe (S-L) equation of state (EOS) based on lattice-fluid theory to calculate occupied
free volume and fractional free volume. PVT data were also used to determine volumetric
expansivity, isothermal compressibility, and internal pressure for the whole temperature
range in the melt state. The average hole free volume and coefficient of thermal
expansion of hole free volume were measured below and above the glass transition
temperature using PALS. Both PALS and PVT data were used to calculate occupied
volume and the number of holes at ambient pressure. The values of occupied volume and
fractional free volumes obtained through both the equations of state were comparable to
those of PALS measurements. Molecular dynamics simulations were carried out on well
relaxed amorphous cells of 10 molecules of D20 and D40 constructed using Discover
module of Accelrys®. Quality of equilibrium was confirmed by energy stabilization and
closeness of simulation densities with experimental values. Atmospheric pressure V-T
data of hyperbranched polyols were compared with simulated V-T data of perfect
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dendrimers. WAXD and V-T curves obtained by molecular dynamics simulations were
comparable to the experimental data. The well relaxed amorphous cell was further
utilized to study the state of hydrogen bond network.
Introduction
Since the advent of the one-step synthetic pathways, hyperbranched polymers
have attracted considerable attention. The one-step synthesis of hyperbranched polymer
by Hawker1 followed by pseudo-one-step, divergent synthesis of aliphatic-ester dendritic
polymers by Malmström2, 3 opened the new avenues in the field of hyperbranched
polymers. Hyperbranched polyols have imperfect branching and show significant
polydispersity; however, they contain the essential features of dendrimers, such as high
end-group functionality and a tree-like architecture. These highly branched
macromolecules can be an excellent viscosity modifier due to a smaller molecular weight
and their globular structure.4 Several potential applications can include paper coatings,
high barrier packaging films, and impact modifier in composites.5, 6
The unique architecture and physical properties of dendritic and hyperbranched
polymers leads to new concepts in structure–property relationships.7 Due to an exotic
molecular structure and functionalities, hyperbranched polymers differ significantly from
conventional linear polymers in their physical properties. Most of the research focused on
development of synthetic approaches for specific systems, and subsequent
characterization emphasized the thermal and rheological behavior. A large number of
studies have been published indicating comparison with their counterpart linear
polymers.8-10 A number of unusual features has been reported, such as significantly lower
viscosity compared to linear polymers of the same molecular weight and its greater
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temperature dependence. Within the dendritic molecule class, there have been several
studies done on characterization and comparison of hyperbranched polyols series.11-13
Hsieh et al. studied rheological behavior of a series of BoltornTM hyperbranched
polyols with different molecular weights (generations) in the molten state.14 It was
observed that flow activation energies obtained from the temperature dependence of
steady shear viscosity was higher than most linear polymers, also indicating a stronger
temperature dependence of flow. In a contemporary study done by Plummer et al. the
rheological behavior was claimed to be highly dependent upon terminal groups.15
Apparently they proposed, hyperbranched polymers are more like core shell particles,
similar to their ideal dendrimer analogues. Zagar et al. studied the effect of annealing on
rheological behavior of aliphatic hyperbranched polyesters.16 They considered presence
and rearrangement of hydrogen bonds as the primary factor to govern physical properties.
Although viscosity and free volume are closely related properties, none of these studies
correlated thermal or rheological behavior with the free volume parameters.
Similar to dendrimers, it has been reported that hyperbranched polymers can trap
small molecules due to larger free volume in their amorphous core and, therefore, can be
used in a wide range of sophisticated applications, which include catalytic support and
biomaterials for controlled drug delivery.17 However, despite the great variety of their
applications, there is a lack of experimental proof for size of hole free volume in the core
and the bulk.
The difference in physical properties within the homologous series poses several
questions whether it is due to number of end groups, degree of entanglement or due to
molecular weight. To identify and address these issues, it is necessary to study free
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volume properties and their correlation with related properties. The free volume in
amorphous polymers is in excess to the interstitial free volume, which is observed in
polymer crystals. Free volume behavior can give valuable information about viscosity,
packing efficiency, transport and physical properties. For low molecular weight polymers
molecular mobility, glass transition and viscosity can be directly related by free volume
properties.18 A slight change in free volume may lead to a drastic change in viscosity and
physical properties at elevated temperatures and pressures.19, 20 The relation between free
volume and the viscosity was empirically quantified by Doolittle. The zero-shear
viscosity of polymer melts can be directly correlated with the fractional free volume
using Doolittle equation as follows:21
Equation IV-1. Relationship between zero shear viscosity and fractional free volume as
proposed by Doolittle.
B
log 0 A
f Doolittle
The fractional free volume can be determined from the PVT measurements by
application of suitable EOS in the melt state of polymer. PVT measurements involve
measuring the specific volume of a polymer as a function of pressure and temperature.
The specific volume is sensitive to the changes in the state of the polymer; therefore,
pressure-dependent transition temperatures, thermal expansivities and compressibilities
can be determined from PVT data. Understanding the PVT behavior of polymers is useful
for deriving appropriate EOS and constitutive models for predicting the response of
polymers to extreme conditions.22 Further analysis of EOS can also provide valuable
information about fundamental properties of material, such as cohesive energy density
and internal pressure.23, 24

133
To the best of our knowledge, only one report has been published related to the
PVT and thermal properties of dendrimers based on benzyl ether and showed comparison
with literature values for mono-disperse, linear polystyrenes. It was concluded that
dendrimers exhibit higher density due to increased packing efficiency as compared to an
exact linear analogue.25
PALS measurements provide unique information about the properties of
subnanometer size local free volumes (holes) appearing due to the structural (static or
dynamic) disorder in amorphous polymers, more precisely the average size and
concentration of free-volume holes. It involves directly probing the free-volume sites in a
polymer by positrons. A positron, the antiparticle of an electron, is more stable in vacuum
than in the bulk and therefore tends to exist in the free volume holes. Specifically, the
ortho-positronium (o-Ps), an electron bound to a positron, is used to determine free
volume. The o-Ps typically lives for 0.5-3 ns in the free-volume holes. The lifetime of an
o-Ps is related to the size of free volume in which it exists.26, 27 PALS only measures the
mean volume, vh, the combination of PALS with the macroscopic volume from PVT
experiments, allows the estimation of occupied volume and hole number density. In this
way, all parameters of free volume, at least from a volumetric point of view, can be
determined.28, 29
The presence of a large number of hydroxyl groups on these polyols leads to
excellent gas barrier properties, comparable to the EVOH copolymer series.30 In
polymers, hydrogen bonding leads to self assembling behavior, specific interaction
during blending and excellent barrier properties.31 These hydrogen bonds exist in
dimeric, quadropolar or H-mer form. The existence of hydrogen bonds and their effect on
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physical properties can be experimentally evaluated by various spectroscopic techniques,
including FTIR, Raman and X-ray absorption spectroscopy. Zagar et al. thoroughly
characterized the hydrogen bond network in hyperbranched polyols using IR
spectroscopy.32 There has been a considerable contribution in this direction using neutron
scattering and X-ray diffraction by determining O-O correlation distance to identify
hydrogen bond arrangement. In addition to experimental techniques, ab initio
computational approaches are also proven as effective to study H-bonding at the
molecular level. Tanis et al. also studied the dynamics of these hydrogen bond structures
using molecular dynamics simulation.33 However none of these studies discussed
hydrogen bonded clusters in polyols. This poses an important question about the role of
hydrogen bond networks on barrier and free volume properties; therefore, a thorough
study of the state of the hydrogen bonding in polyols is necessary.
The present work focused on the free volume characterization using PALS and
PVT and application of two different EOS on PVT data of hyperbranched polymers. PVT
experiments were performed for both generations of polyols from which the fractional
hole free volumes, h, of the Simha-Somcynsky lattice-hole theory were calculated. We
studied the temperature dependence of the mean size of local free volumes in the range
between 220–400 K using PALS. For both generations of polyol, the hole volume, vh
versus T curves, the coefficients of thermal expansion of the hole volume below and
above Tg were estimated. From a comparison of vh (from PALS) with VSp (from PVT),
the occupied volume and number density of holes, Nh, was estimated. To extend this
study we employed molecular dynamics simulation studies to compare V-T behavior at
atmospheric pressure and to visualize state of hydrogen bonding in well relaxed structure.
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Experimental
Materials
Two hyperbranched polyesters, BoltornTM H20 and H40, based on
dimethylolpropionic acid (Bis-MPA) as the repeating unit and ethoxylated pentaerythritol
(PP50) as the tetrafunctional core, were obtained from Perstorp Polyols Inc, Ohio. These
polymers are identified by generation as second (H20) and fourth (H40) according to the
stoichiometric ratio between core and repeating units. A schematic representation of
fourth generation, BoltornTM H40, dendritic polyols is shown in Scheme IV-1 with linear,
terminal and dendritic units indicated.
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Scheme IV-1. Schematic representation of the hyperbranched polyol molecule, H40
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Sample Preparation
As-received pellets of hyperbranched polyols were dried in a vacuum oven for 24
hrs at 80 °C and compression-molded in a Carver Press Model M. The press was
preheated to 120ºC prior to sample loading. A mold cavity was filled with the polyol
pellets and sandwiched between two polished metal platens covered with thin TeflonTM
sheets to prevent adhesion of the melt to the metal surfaces. The platens were placed in
the press at 120 C and held for about 10 min without pressure; then, the pressure was
first increased to 2,500 psi followed by a release of pressure to remove air bubbles, then
increased to 5,000 psi, then released again, and finally molded at 7,500 psi. The mold
was cooled at a rate of about 10 ºC per minute by flowing water through the press
platens. These films were dried in a vacuum oven and used for density measurement,
differential scanning calorimetry (DSC), and PVT measurements.
Characterization
The density of small pieces cut from the films was measured using a precalibrated
density column using toluene/carbon tetrachloride solutions. The density column was
prepared according to ASTM-D 1505 Method B for a density range of 1.2502 g/cm3 to
1.4586 g/cm3. Results are the average of five measurements.
Thermal analysis of H20 and H40 was done using a TA Instruments, DSC Q-100
with 4 to 6 mg sample weight, consistent with ASTM D 3418. Two heating/cooling
cycles were used to remove thermal history and any volatiles in nitrogen flow. Sapphire
and indium standards were used for heat capacity and temperature calibrations. A heating
and cooling rate of 10 °C /min was used for a range of -50 °C to 200 °C.
Rheological measurements were performed on compression molded discs. The
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vacuum-dried pellets were compression molded into disks (18.8 mm diam. by 3.40 mm
thick) at 130 C and 26 ± 2 MPa (3750 ± 250 psi) in order to minimize the presence of
voids. The resulting disks were then used for rheometry experiments. Using Advanced
Rheometric Expansion System (ARES, Rheometric Scientific) rheological measurements
were performed on the polyols between two stainless steel parallel plates. Each
experiment was performed within a nitrogen atmosphere to eliminate oxidative effects in
air. The dynamic tests consisted of temperature, frequency and time sweeps. In order to
ensure the condition of linear viscoelasticity for the oscillatory deformation mode, strain
sweeps were carried out on each sample.
The PVT measurements were conducted using a fully automated Gnomix-PVTapparatus (Boulder, CO, USA), which consisted of a sample cell containing a cylindrical
sample of about 20 mm in length and 10 mm in diameter and mercury as a confining
fluid. Specific volumes were recorded with an accuracy of ±0.0002 cm3/g within the
temperature range 30 °C to 240 °C and pressure 10–120 MPa by means of linear variable
differential transducer (LVDT) attached to the bellow, which is used to close the sample
cell. Initial specific volume was assumed from direct density measurements. All PVT
data were collected in isothermal mode. The pressure at each selected temperature was
increased incrementally in 10 MPa steps within the range 10-120 MPa. The pressure
during each step was held for 60 sec to allow equilibrium before the corresponding
temperature was recorded. It should be mentioned here that the dilatometer design
required at least 10 MPa pressure to be applied during the experiment to guarantee the
accuracy. So, the measurements of specific volume versus temperature have not been
experimentally conducted at atmospheric pressure. Instead, this information was
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generated via extrapolation after PVT data obtained at elevated pressures were fit to Tait
equation of state. This routine is directly built in the Gnomix-PVT apparatus software.
The PALS experiments were conducted with custom-built fast-fast coincidence
system, described in previous work34, 35 having a time resolution of 220 ps. To conduct
the measurements 22Na positron source with radioactivity 30µCi was sandwiched
between two 1mm thick sample disks with the diameter 8mm. All the measurements
were taken over one hr. for a total of 1x106 counts in each PALS spectrum. Temperature
measurements were taken by first decreasing the temperature to -30 °C and waiting for
about two hrs to allow equilibrium before the experiments were begun. The temperature
was then sequentially increased to 120 °C in 10 °C steps, collecting a spectrum at each
step after waiting 15 min to allow equilibrium.
The PALS spectra were tested against three- and four-component fits using the
PATFIT-88 software package. Optimal fits were obtained for three components with
variances smaller than 1.1. The free volume hole radius, R, was calculated from the o-Ps
life time,

3,

using the semi-empirical equation as shown below:

Equation IV-2. Tao-Eldrup empirical relationship between o-Ps lifetime and hole radius.
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where R has been empirically determined to be R=0.1656nm by fitting Equation IV-2
to o-Ps annihilation data for molecular solids of known pore sizes. The hole volume was
calculated from R as Vh=4/3πR3.
Results and Discussion
H40 polyol samples are in general denser (1.304±0.003 g/cm3) than H20 polyols
(1.270±0.003g/cm3). Rogunova13 et al. also reported density values from second to fifth
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generation of these polyols and for H20 it was reported as 1.285 g/cm3 and for H40 it was
1.300 g/cm3. The difference in these values may arise from their measurement technique,
which was hydrometer. None of the previous studies have explained why there was a
small increase in the density with the generation number; therefore, it is essential to
determine the factor behind this phenomenon. Whether this comes from compositional
difference or difference in packing ability has to be further studied by estimating ratio of
core, shell and peripheral component and free volume parameters respectively. To
consider composition first, the ratio of building blocks, Bis-MPA branch and PP50 core
has to be determined. A closer examination of the structure of H40 in Scheme IV-1
indicates that asymmetric PP50 core has an inherently larger free volume as compared to
Bis-MPA branches. In the case of H20, the ratio of Bis-MPA to the PP50 core is 12
whereas for H40, it is 60. This leads to a higher core component and a larger free volume
per molecule for H20. To relate this estimation to the density, we will consider the
number of H40 and H20 molecules per unit volume. For each cubic volume, there are the
same numbers of hydroxyl groups, the same number of Bis-MPA units, but the number of
H20 is 4 times that of H40 and hence the number of PP50 core is four times higher. A
further estimation of the difference in core, shell and periphery also indicates that H40
has 7 times more shell/core value as compared to H20. Similarly H40 has 8 times more
periphery/core ratio than H20. Therefore, it is possible that the smaller value of bulk
density of H20 is due to the contribution of the core unit.
From the DSC measurement, the Tg of H40 is 27 ºC whereas that of H20 is 5 ºC.
The previously reported values of Tg for H40 is 22 ºC whereas for H20 it is 1 ºC which
was measured by DSC13. The supplier reported value for H40 is 40 ºC and that of H20 is

140
30 ºC, which was measured by 3-point bending DMA.
The Tg in linear or branched polymers is associated with long range, cooperative
relaxation phenomenon through large segmental motions. While for high molecular
weight linear polymers, the chain ends play a minor role, and chain entanglement is the
dominant factor; it is opposite for dendritic polymers. Therefore, the relaxation
phenomenon in a dendritic polymer is different than in a linear polymer because end
group contribution becomes significant. Due to a large number of terminal groups, the
physical properties and particularly Tg is strongly affected by terminal functional
groups.36 The Tg for dendritic polymers has been reported to increase with generation
number up to a certain limit, above which it levels off.
Wooley et al. made the first attempt to understand thermal relaxation in dendritic
polymers by considering modified chain-end free volume theory along with molecular
weight dependency of Tg.37 The variation of Tg with molecular weight was shown to
correlate with ne/M, where ne is number of chain ends and M is molecular weight. They
modified the traditional relationship proposed by Flory between Tg , Tg and M for linear
polymers to account for the unusual dendritic architecture. It was reported that the nature
of the chain ends dramatically affects the Tg of dendritic macromolecules with increases
in Tg following increases in chain-end polarities. Comparison of dendritic block
copolymers with their parent dendritic homopolymers demonstrated that the internal
composition of dendrimers also affects the glass transition temperature. Therefore, both
chain-end functionality and internal monomer unit structure affect the Tg. However the
separate role of internal branching and external peripheral groups was attempted to be
explained by Karatasos 38 and Stutz. The internal branch points reduce the mobility of
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surrounding chain segments, hence, increasing Tg while freely moving terminal units
decrease Tg due to their higher conformational entropy as compared to dendritic units.
Kim and Beckerbauer also proposed that the main relaxation mode of the Tg for
hyperbranched polymers is translational motion of the polymer rather than segmental
chain mobility.39 This proposal was based on the fact that Tg of dendritic polymers is
highly dependent upon end functional groups. Highly polar end groups leads to larger Tg
and hence the higher activation energy of transition temperature.
Considering Tg as a result of translational motion of these particle-like polymers,
it is necessary to evaluate and compare first the rheological behavior. Because the
measurement of viscosity is done in dynamic mode, translation motions of polyols
dominates. A representative frequency sweep for both polyols at 80 ºC is shown in Figure
IV-1. A direct observation indicates that H40 has higher viscosity as compared to H20 for
the whole range of frequency. This indicates that H20 is more mobile and, therefore, its
Tg is lower.
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Figure IV-1. Variation of complex viscosity with frequencies at 80 ºC for H40 and H20.
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For small molecules a direct relation can be quantitatively established among Tg,
viscosity and free volume using WLF equation. For this purpose first the complex
viscosity is measured at different temperatures as shown in Figure IV-2. From this data
set, universal WLF parameters C1 and C2 are determined using Equation IV-3.
Equation IV-3. WLF equation.
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The values of these universal constants can be further correlated with fractional
free volume at Tg as C1=-B/2.303 fg and coefficient of thermal expansion, αf, as C2=fg/αf,
where the constant B is the same as in Doolittle Equation IV-1. The value of B is reported
as unity. Considering Tg for H20 as 5 ºC, the values of C1 and C2 were calculated using
complex viscosity values at 60 ºC, 70 ºC and 80 ºC at the frequency of 0.1 rad/sec. Thus,
the value obtained for C1 is -17.44, whereas C2 is 44.327. From the value of C1 the value
of fg =0.025B and αf= 4.8 · 10-4 /K may be obtained. The value of C1 is similar to the
universal value; however, the C2 is different than the universal value of 51.6.
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Figure IV-2. Variation of complex viscosity with frequency at various temperatures for
H20 (to calculate WLF parameters)
Since the major goal of this research was to study PVT behavior and evaluate free
volume parameters, PVT data were collected for both polyols. Figure IV-3 shows the
specific volume of both polyols as a function of temperature in the temperature range
between 300K to 400K obtained using a PVT apparatus in the isothermal scan. Both H40
and H20 are above their glass transition temperature during measurement; however, at
higher pressure ranges H40 shows an elevated Tg of 310K. The pressure dependence of
Tg has been widely studied, where higher pressure is claimed to reduce the mobility due
to a decrease in free volume and consequently a higher Tg.40
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Figure IV-3. PVT data of H40 and H20 obtained by isothermal scans from 0 MPa to 150
MPa.
In addition to free volume parameters PVT can also provide information on
thermodynamic properties of materials over a wide range of temperatures and pressures.
The results from the PVT experiments can be used to calculate the temperaturedependent volumetric CTE and isothermal compressibility. The slope of the V-T curve at
any constant pressure can give the value of thermal expansivity, E, using the following
relation:
Equation IV-4. Thermal expansivity,E.

E

dV
dT

P

The volumetric CTE, α, is calculated using the following relation:
Equation IV-5. Volumetric coefficient of thermal expansion, α.

1 dV
V dT

P
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Due to the glass transition temperature being below the measurement temperature
of PVT, the atmospheric pressure data were linear least square fitted within the rubbery
temperature range to calculate volumetric thermal expansion. For H40, the slope
(volumetric thermal expansivity) in the rubbery state is Er=dVSp/dT= (4.00±0.014) · 10-4
cm3/gK and the coefficient of thermal expansion at Tg=300K is
αr=Er/V=0.0004/0.7698=5.19 · 10-4/K. For H20 the expansivity value is (4.42±0.031) ·
10-4cm3/gK and the coefficient of thermal expansion at Tg=278K is
αr=Er/V=0.0004/0.7833=5.64 · 10-4 /K. These values are tabulated in Table IV-1.
Table IV-1. Volumetric expansivity and coefficient of thermal expansion calculated using
PVT data for H40 and H20.
α (cm3/gm.K)

VSp at Tg

CTE /K

H40

(4.00±0.014) · 10-4

0.7698

(5.19±0.014) · 10-4

H20

(4.42±0.031) · 10-4

0.7833

(5.64±0.031) · 10-4

The value of isothermal compressibility, β, can be calculated as follows:
Equation IV-6a. Isothermal compressibility, β.

dV
dP

T
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Isothermal Compressibility (10-4 cm3/gm.bar)

Isothermal compressibility for H40 and H20
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Figure IV-4a. Temperature dependence of isothermal compressibility values of H40 and
H20 obtained by isothermal scans from 0 MPa to 160 MPa.
H40 has smaller values of isothermal compressibility for the whole range of
temperatures in the melt state as shown in Figure IV-4a. These values increase with
temperature for both polyols since the free volume increases with temperature, too, as
shown in PVT and PALS scan. The higher compressibility values are the result of a
higher amount of hole free volume in the second generation polyols.
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Figure IV-4b. Pressure dependence of isothermal compressibility of H40 and H20.
The pressure dependence of isothermal compressibility was also evaluated at
selected temperatures as shown in Figure IV-4b. A close examination of these data of
both polyols also indicates that the compressibility is higher at low pressure and lower at
high pressure ranges. This behavior originates in the core-shell distribution of segmental
density as reported by Hay.25 Furthermore H20 is more compressible than H40 at the
same temperature, which is apparently due to larger free volume in H20. The inverse of
compressibility is represented by bulk modulus as shown in Figure IV-5. The value of
bulk modulus, K, is obtained using the following expression:
Equation IV-6. Bulk modulus, K.

K

V

dP
dV

T
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Bulk modulus for H40 and H20
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Figure IV-5. Temperature dependence of bulk modulus values of H40 and H20 system
obtained by isothermal scans from 0 MPa to 160 MPa.
Determination of solubility parameters is very important for a number of relevant
applications where the solubilization properties of systems involving polymers is crucial,
such as in drug delivery, in nanoparticle preparation, and in coatings applications. The
cohesive energy density (CED), squared value of solubility parameter, is equal to U/V
and can be related to the internal pressure, Pi , as follows:
Equation IV-7. Internal pressure, Pi.

Pi

U
VT

T

S
VT

P T

P

Where U is the internal energy, V is the molar volume, α is the volumetric thermal
expansion coefficient, S is the molar entropy, β is the isothermal compressibility, and P is
the pressure. The ratio of the thermal expansion coefficient and compressibility is also
known as the thermal pressure coefficient. The internal pressure is evaluated using
Equation IV-7; this involves the isothermal compressibility determined from the P-V data
at a constant temperature and the thermal expansion coefficient evaluated from V-T data
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at a constant pressure. The internal pressure remains higher for H20 in the melt state,
predominantly due to larger isothermal compressibility, which is governed by free
volume as indicated in Figure IV-6.
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Figure IV-6. Internal pressure of H40 and H20 obtained by isothermal scans from 0 MPa
to 160 MPa.
The main goal of this study was to evaluate free volume parameters using PVT
data by utilization of the appropriate equation of state. For this study we selected two
equations of state based on their adequacy to fit PVT data to evaluate free volume
parameters.22 The PVT data in the melt state are fitted to S-S EOS and S-L EOS using a
standard, nonlinear, least-squares regression method. The characteristic parameters are
determined for S-S EOS, which are P*, V*, and T*. Using the EOS the hole free volume
fraction, h, and the occupied volumes, Vocc, can be determined.
In the lattice-hole theory, vacant cells, or holes, are introduced in the lattice,
which describe the major part of the thermal expansion; meanwhile, the changes in cell
volume, which have a non-negligible influence on the thermodynamic properties, are also
allowed. The resulting EOS is solved with an expression that minimizes the partition
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function with respect to the fraction of occupied sites. The S-S EOS was derived by
Simha and Somcynsky based on the lattice-hole theory.41, 42 It was first derived for
spherical and chain molecule fluids and then was widely used even for high molecular
weight polymers. It describes the structure of a liquid by a cell or lattice model with a
coordination number of z=12 and models the disorder by assuming a statistical mixture of
occupied (fraction y) and unoccupied cells (holes or vacancies, fraction h = (1 - y) all of
the same size. The parameter, y, is also called as fractional occupancy, and h is called
fractional free volume.
For liquids under the thermodynamic equilibrium conditions, from the Helmholtz
free energy, F, the S-S EOS was obtained. The Helmoltz free energy, F, can be related to
the partition function, Z, by the following relation:
Equation IV-8. Helmoltz free energy, F.
F

From P

( F / V )T with ( F / y )V ,T

kT ln Z
0 , a reduced equation can be shown as follows:

Equation IV-9. S-S EOS.
~
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~
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The reduced variables and the characteristic scaling parameters P*, V*, and T* are
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The subsidiary condition for fixing the fractional occupancy, y, is derived by
minimizing the Helmholtz free energy is:
Equation IV-10. S-S EOS.

( s / 3c)[( s 1) / s y 1 ln( 1 y )]
~
~
[ y(21/ 2 yV ) 1 / s 1/ 3] /[1 y (21/ 2 yV )

1/ s

~
~
] ( y / 6T )[ 2.409( yV )

2

~
3.033( yV ) 4 ]

To predict the PVT behaviors, the characteristic parameters of P*, V*, and T*
must be determined first by using the least squares method to fit the S-S EOS to the PVT
experimental data. Since the PALS measurements were done at atmospheric pressure,
PVT data at ambient pressure are only needed for further analysis of free volume.
Consecutive and restricted fits were used to calculate scaling parameters V* and T*. The
PVT data in the rubbery state at 0MPa pressure were first fitted by a nonlinear least
square technique to a universal scaling relationship for the V–T behavior of polymers,
according to Equation IV-11:
Equation IV-11. Universal scaling relationship for the V–T behavior.
V
ln *
V

T
0.1033 23.85 *
T

3/ 2

The values of the scaling parameters for H40 thus obtained are V* =
0.777±0.001cm3/g and T* = 12054.682±57.221K and for H20, V* = 0.794±0.002 cm3/g
and T* = 11511.163±124.339K.
Table IV-2. Scaling parameters calculated using PVT data by application of S-S EOS at
atmospheric pressure.
Tg(DSC) (K)

VSp (cm3/gm)

T* (K)

V* (cm3/gm)

H40

300

0.7668

12054.682±57.221

0.777±0.001

H20

278

0.7874

11511.163±124.339

0.794±0.002
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Constraining the values of T* and V* and sequential fitting of Equation IV-9 and 10,
can provide the values of fractional occupancy, y. Both the experimental PVT data at
atmospheric pressure and their S-S equation fit (Equation IV-11) are shown in Figure IV7. The occupied volume, Vocc=y*VSp, for the whole range of temperatures is
simultaneously plotted in Figure IV-7. The fractional occupancy, y, was used to calculate
fractional free volume, h=1-y, and is separately plotted for both polyols in Figure IV-8.
The hole fraction, h, in both polyols is rather low and amounts to 0.037 at Tg=300 K for
H40 and 0.033 at Tg=278 K for H20. For H20; we have estimated h=0.041 at Tg
+22=303 K to compare its value with H40 at the same temperature.
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Figure IV-7. Specific volumes, S-S liquid line and occupied volume obtained by fitting
PVT data in the melt state and at atmospheric pressure of pure BoltornTM H40 and H20.

153
SS-fractional free volume

Fractional free volume (h=1-y)

0.10
0.09
H40
H20

0.08
0.07
0.06
0.05
0.04
0.03
280

300

320

340

360

380

400

420

Temperature (K)

Figure IV-8. S-S fractional free volume obtained by fitting PVT data in the melt state and
at atmospheric pressure of pure BoltornTM H40 and H20.
The PVT data were also fitted to S-L EOS at atmospheric pressure to calculate
free volume parameters. Sanchez and Lacombe have derived a dimensionless EOS based
on the lattice-fluid theory as follows:
Equation IV-12. S-L EOS.

~
P v~
~
T

1

1
v~ ln 1 ~
v

v~

1
r

1
~~
Tv

Equation IV-13. S-L EOS.
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where ~ 1 / v~ , and r is the number of lattice sites occupied by the r-mer.43,
polymeric liquid, r becomes infinity and the S-L EOS can be simplified to:

44
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Equation IV-14. Simplified S-L EOS.
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The reduced density, pressure, and temperature are defined as:
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where ρ*, P*, and T* are the reduced (characteristic) parameters of the S-L EOS, ε* the
interaction per mer, v* the close-packed mer volume, R the gas constant, and M the
molecular weight. The fraction of occupied sites, ƒ, and free volume site fraction, ƒ0, are
related to the mass density, ρ, and close-packed mass density, ρ*, by:
Equation IV-15a. Fractional occupied volume.
~

f

*

1
~
v

The fractional free volume is determined from following equation:
Equation IV-15b. Fractional free volume.
f0

From S-L EOS fractional free volume, f h

1 ~
1 ~ was calculated using fh=1-Vocc/VSp. The

values of occupied volume calculated by both EOS on PVT data are the same within the
experimental errors. The fractional free volume values were comparable to those obtained
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using S-S equation. Table IV-3 displays the parameters from both fits of the S-S EOS and
S-L EOS to the PVT data.
Table IV-3. Free volume parameters calculated using PVT data by application of S-S
EOS and S-L EOS.
Vsp
(cm3/gm)

S-S-y

S-Sh=1-y

S-S-Vocc
(cm3/gm)

S-L-Vocc
(cm3/gm)

S-L-fh

H40

0.7698

0.9625

0.03743

0.7409

0.73879

0.040

H20
(278K)

0.7833

0.9663

0.03371

0.7569

H20
(303K)

0.7923

0.9582

0.0417

0.7591

0.75592
0.75784

0.0349
0.0435

PVT data give the value of fractional free volume above 30 ºC only and do not
yield information about the size of free volume cavities. Since the difference in fractional
free volume is due to the difference in molecular weight of both generations, it is
necessary to compare the hole size for both systems. To support PVT results, further
investigation of free volume cavity size was carried out using PALS measurements for a
whole temperature range of 240 K to 400 K. Figure IV-9 indicates the temperature
dependence of the average hole free volume in the glassy and the rubbery regions for
both H40 and H20 as measured by PALS. It is apparent that both materials have fairly
similar average hole free volume in the glassy state; however, in the rubbery state H20
indicates larger hole size. The density measurements done at room temperature for both
systems also show larger value of specific volume for H20. This difference can first be
explained based on their differences in available end groups, which leads to higher free
volume due to higher mobility. It is also reported for dendrimer that their glass transition
temperature is primarily due to translational motion of whole molecule rather than
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segmental mobility. Therefore, smaller molecules of H20 will have higher mobility,
lower Tg and higher free volume in their melt state.
H40-H20-PALS free volume comparison
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Figure IV-9. The temperature dependence of the mean hole free volume obtained by
PALS of H40 and H20
The o-Ps lifetime, τ3, increases with temperature due to thermal expansion of free
volume in the glassy state due to the anharmonicity of molecular vibrations and local
motions in the vicinity of the holes. In the hyperbranched polyols, the hole size is
significantly different above Tg; however, in the glassy state the hole size is
approximately the same. Although the glassy state shows a smaller slope as compared to
the rubbery state, the molecular and segmental motions increase rapidly, and the free
volume holes obtain a dynamic character. From the Vh versus T curves, Tg may be
determined as the intersection of two straight lines asymptotically fitted to the curves in
the temperature range below and above the expected Tg. A good agreement of Tg values
is observed in both PALS and DSC.
From the linear fits of PALS data, the expansivity, ehg=dVh/dT (T<Tg), and
ehr=dVh/dT (T>Tg), as well as the coefficient of thermal expansion (CTE) of the hole
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volume, αhg =ehg/Vhg, and αhr =ehr/Vhg, in the glassy and rubbery states of the polymers
are obtained. For H40 the expansivity, ehr, in the rubbery state is (7.92±0.255)·10-25cm3/K
whereas for H20, this value is (7.69±0.143)·10-25 cm3/K. In the glassy state ehg values are
slightly higher in H40 which is (1.738±0.184)·10-25 cm3/K whereas for H20 this value is
(1.276±0.148)·10-25 cm3/K. The coefficient of thermal expansion for H40 in the glassy
state is 2.81·10-3 /K whereas in the rubbery state it is 12.84·10-3 /K. For H20 in the glassy
state it is 2.16·10-3 /K whereas in the rubbery state it is 13.03·10-3 /K.
Table IV-4. Thermal expansivity and CTE of the hole volume of polyols calculated from
PALS
Er (cm3/gm.K)

eg (cm3/K)

er (cm3/K)

CTEg/K

CTEr/K

H40

(4.00±0.014)·10-4

(1.738±0.184)· 10-25

(7.92±0.255)·10-25

2.81·10-3

12.84·10-3

H20

(4.42±0.031)·10-4

(1.276±0.148)·10-25

(7.69±0.143)·10-25

2.16·10-3

13.03·10-3

While considering PALS measurements the ortho positronium intensity, I3, is
utilized to predict hole number density behavior. Figure IV-10 indicates temperature
dependence of I3 in both polyols. In both cases the I3 remains constant with temperature,
which implies that the number of holes remains constant and only their size is increasing
with increasing temperature. At a constant temperature H40 always has a higher intensity
as compared to H20. While several researchers directly correlate o-Ps intensity with the
number of holes, it is also widely considered that o-Ps intensity also depends upon
inhibition reactions taking place in the positron spur, source exposure time, and exposure
to electric and magnetic fields. This implies that change in the o-Ps intensity cannot be
accounted for solely on the basis of free volume. The difference in intensity values can be
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attributed to the difference in a thermalization mechanism due to difference in electron
density of holes in both isomers.
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Figure IV-10. The temperature dependence of the positronium formation intensity, I3,
obtained by PALS of H40 and H20.
Recently the product of average hole free volume and positronium formation
intensity has gained widespread attention. The product of o-Ps formation intensity, I3, and
mean hole free volume, V3, can be directly related with fractional free volume (FFV). In
both polyols the product, I3V3, continuously increases with increase in temperature as
shown in Figure IV-11. A closer examination of these plots reveals that the slope of the
asymptotic line in the rubbery state is considerably higher as compared in the glassy
state. The shape of these plots also indicates a clear Tg of 300 K for H40 and 280 K for
H20.
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I3V3 of H40 and H20
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Figure IV-11. The temperature dependence of the product of positronium formation
intensity, I3, and hole free volume, V3, obtained by PALS of H40 and H20.
While PVT gives the value of fractional free volume, h, computed from the S-S
EOS, it can be directly correlated with the product of o-Ps intensity, I3, and mean hole
free volume, V3, by using a correlation coefficient, C, as follows:
Equation IV-16. Fractional free volume and I3V3 relationship.
hPVT

C I 3 V3

The variation of fractional free volume with I3V3 is shown in Figure IV-12. The
values of correlation coefficients, C, calculated at Tref (Tg+25 ºC) are 0.005274 Å-3 for
H40 (at 320K) and 0.003635 Å-3for H20 (at 300K). Note that these values are
significantly different for the two different generations, which implies that C is not only a
function of polymer structure but also of molecular weight and can, therefore, not be
generalized. It can be inferred from these values that o-Ps can differentiate chemically
similar systems due to their difference in molecular weight and free volume. The typical
reported C value for several common polymers are : 1.83·10-3Å-3 (PMMA), 3.08·10-3Å-3
(PVAc), and 1.52·10-3Å-3(PS).45
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Figure IV-12. I3V3 versus fractional free volume plot in the rubbery state of
hyperbranched polyols to calculate correlation coefficient, C.
PALS enables measurement of hole size, but not directly hole density and hole
fraction. However, a correlation of nanoscopic hole volume of PALS and macroscopic
specific volume of PVT allows an estimation of a complete set of parameters.46 The
specific volume is related to the number density of holes as follows:
Equation IV-17. Relationship between occupied volume and number density of hole.
VSp

1

Vocc

Vocc
VSp

N h Vh

N h Vh
VSp

where Vocc is the specific occupied volume, Nh is the number density of holes per mass
unit, and the product Nh · Vh is the total free volume.
The fractional hole free volume from PALS can be calculated according to
following expression:
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Equation IV-18. Relationship between fractional free volume and number density of hole.

fh

N h Vh
VSp

As shown in Figure IV-13, a linear fitting of VSp and Vh can give the value of Vocc
and Nh as 0.741±0.001 cm3/gm and (5.04±0. 19)·1020 holes/ gram for H40 and
0.751±0.001cm3/gm and (5.56±0. 19)·1020 holes/ gram for H20, respectively. The Nh
values are close to the previously reported literature values for low-Tg uncrosslinked
liquid DGEBA epoxy resin, which was (5.6 ± 0.02) ·1020 holes per gram.47 For
fluoropolymer CYTOPTM , Nh was as low as 2.5·1020 holes per gram whereas for
polypropylene, this value is 4.0·1020 holes per gram.48 It is also reported that the Vocc is
related to the scaling volume, V*, as follows: Vocc = 0.956V*; therefore Vocc= 0.743
cm3/gm for H40 and 0.7594 cm3/gm for H20. The value of fractional free volume, ƒh, at
the glass transition temperature for H40 is 0.040 whereas for H20, it is 0.0418. At 300 K,
ƒh value shown by H20 is 0.051.
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H40-H20-PALS and PVT to calculate Vocc and Nh
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Figure IV-13. The specific volume and mean hole free volume obtained by PVT and
PALS of H40 and H20 at zero pressure (solid and dashed lines are their respective linear
fits).
Table IV-5. Free volume parameters calculated using PALS and PVT data by linear
fitting of specific volume and hole free volume.
Vocc (cm3/gm)

Nh (holes/gram)

Vh at Tg

ƒh

H40

0.741±0.002

(5.04±0. 19)·1020

(61.65)·1024

0.040

H20(278K)

0.751±0.001

(5.56±0. 19)·1020

(59)·1024

0.0418

H20 (303K)

0.751±0.001

(5.56±0. 19)·1020

(73.38)·1024

0.0515

The V-T behavior of both molecules was further studied by molecular dynamics
simulation. A highly relaxed amorphous cell obtained by molecular dynamic simulation
was first checked for density and energy minimization after running several steps of NVT
and NPT dynamics. While same simulation protocols were used for both second and
fourth generation molecules, a detailed description of simulation process for only second
generation molecule, D20, is provided herein.

163
Molecular dynamics simulation
Building Dendrimers. The Materials Studio module of Accelrys® was used to
sketch the dendrimer structure. It has to be noted that for simulation, perfect dendrimer
structures D-20 (Figure IV-14a) was used instead of commercially available H-20 (Figure
IV-14b). This structural simplification still retains the same number of atoms and
hydroxyl groups; therefore, the interatomic and intermolecular interaction should be
similar for hyperbranched and ideal dendrimer counterparts. First the PP50 core and BisMPA connecting moieties were sketched and assigned charge groups within the tolerance
of 0.1 e. The COMPASS force field was used in all simulations, and it models each
molecule in an atomistic way. The nonbonded interactions of the COMPASS force field
include a Lennard−Jones 9−6 function for the Van der Waals interaction and a
Coulombic function for the electrostatic interaction. Both coulombic and VdW
interactions were separated, and a group-based summation method was used to reduce the
time of simulation. The cleaned structure was minimized using conjugate gradient
method in Discover module of Accelrys®.

Figure IV-14. Molecular structure of (A) dendrimer D20 used for molecular dynamics
simulation to compare physical properties of (B) hyperbranched polyol H20.
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Building Amorphous Cells. The Amorphous Cell module of Accelrys® was used
to construct the amorphous packing structure. This Amorphous Cell constructs the initial
structure of polymers, which is capable of folding a polymer onto itself at all densities by
using its mirror images. Ten molecules of dendrimers were folded in the amorphous cell
at a density of 0.6 g/cm3. The initial side of the resulting cubic cell was 36.45 Å. Five
initial states were constructed and followed by 5000 steps of energy minimization to
eliminate “hot spots.” The smart minimizer method, which combines the steepest descent,
conjugate gradient, and Newton’s method in a cascading manner, was used to minimize
the energy of the molecular structure. The convergence level was set to 0.1 kcal/mol/Å.
The smart minimizer is part of the amorphous cell module. The cell alternately
minimized and underwent multistep dynamics. The dynamics consisted of an alternating
NVT and NPT ensemble in the temperature range from 650 K to 298 K and pressure
range from 500 MPa to 0.1 MPa to obtain a highly relaxed structure. This annealing
procedure has been described previously in a detailed atomistic simulation.49 The quality
of equilibrium was confirmed by energy stabilization at each dynamics step and closeness
of experimental and simulation densities. It is assumed that the resulting equilibrated
structures are representative of the glassy polymers. The final side of the resulting highly
relaxed cubic cell was 28.5 Å after undergoing multi-step dynamics. Note that the initial
amorphous cell was constructed at the density of 0.6 gm/cm3, and the resulting cell was
obtained after passing through alternating steps of NVT and NPT dynamics for 60 ps at
each step. This highly relaxed structure as shown in Figure IV-15 was further used to
calculate V-T values at atmospheric pressure from the temperature range of 200 K to 400
K. The V-T data were collected at the pressure of 0.1 MPa from the temperature range of

165
200 K to 400 K. The stage duration was 35000 fs whereas the averaging period was
selected to be 5000 fs. The simulated, as well as experimental V-T plot, is shown in
Figure IV-17 (A, B). The difference in experimental and simulated density is less than
3%, which is mainly due to the smaller time scale of the simulation as compared to the
actual PVT experiment.50 The CTE values for the simulation and the experiment are the
same in the melt state.

Figure IV-15. Equilibrated amorphous cell of D40 consisting of 10 molecules.
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Comparison of V-T behavior of H40 and H20 at atmospheric pressure using experiment and MDS
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Figure IV-16 (b). Temperature dependence of specific volume obtained using PVT for
hyperbranched polyol H40 and molecular dynamics simulation for dendrimer D40.
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While the estimation of the physical properties was the main concern in the
simulation, it is also worth analyzing the unique structural features of these molecules.
The presence of abundant terminal hydroxyl groups leads to some unique physical
properties in these molecules, similar to alcohols and water. A large number of
simulation studies have been published regarding the hydrogen bonded structure of
alcohols and water; however, the water clusters are of major concern due to the chemical
engineering process design point of view.51 The relaxed structure was analyzed to
identify the hydrogen bonding among the terminal hydroxyl groups. After deleting all
atoms except the hydroxyl groups, these molecules resemble string-like hydrogen bonded
clusters as shown in Figure IV-17 (B). The string may consist of 2 or more hydroxyl
groups in a continuum. This behavior has also been observed in molecular dynamics
simulation studies performed on hydrofluoric (HF) acid, where the electro negativity
difference in hydrogen and fluorine is highest.52

Figure IV-17. (A): Highly relaxed amorphous cell consisting of 10 molecules of D40;
(B). String-like structures generated by terminal hydroxyl groups of D40 dendrimer,
(showing only terminal O-H groups in A.).
Several research groups have studied this phenomenon in terms of electron
density profile as measured from small angle X-ray analysis or O-O pair correlation
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function as calculated using molecular dynamics simulation. Calculation of O-O pair
correlation function, go-o (r), for terminal hydroxyl group and X-ray scattering pattern was
performed at 298 K. The O-O pair correlation function indicates a peak at 2.75 Å as
shown in Figure IV-18, which is similar to that obtained in liquid water at ambient
temperature.53 The WAXD pattern of these dendrimers was also generated using
computer simulations as shown in Figure IV-19, which indicated a peak at 2θ=17° similar
to experimental WAXD pattern of H40 and H20 as shown in Figure IV-20.
Terminal O-O pair correlation functional
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D20-oo-pair
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Figure IV-18. Simulated O-O pair correlation function, go-o(r), of perfect dendrimers D40
and D20.
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Simulated WAXD pattern of H40 and H20
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Figure IV-19. Simulated WAXD pattern of perfect dendrimers D40 and D20.
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Figure IV-20. Experimental WAXD pattern of hyperbranched polyols H40 and H20.
Some studies on these polyols consider hydrogen bonding and its temperature
dependence as a major factor governing physical properties.32 FTIR was used to confirm
a decrease in intensity of hydrogen bonded hydroxyl groups with an increase in
temperature as shown in Figure IV-21.
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Figure IV-21. FTIR scans of H40 with the temperature variation at an increment of 10 ºC.
Conclusions
PVT characteristics of hypebranched polyols have been experimentally studied
and simulated using molecular dynamics. The occupied volume and fractional free
volume determined from the Simha–Somcynsky (S-S) equation of state (EOS) and the
Sanchez–Lacombe (S-L) EOS using the PVT data of a polymer melt were similar.
Simulations based on dendrimer polyols showed a good agreement with the experiment,
especially in predicting thermal expansivity of hyperbranched polyols in the melt state.
Occupied and fractional free volume of the second and fourth generations of
hyperbranched polyols were calculated by comparing experimental PVT data with the
Simha-Somcynsky EOS model. The second generation exhibited larger occupied volume
than the fourth generation due to the chemical dissimilarity of these two generations. In
contrast, fractional free volume at their corresponding Tg’s were comparable. The values
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of occupied volume calculated by applying EOS to PVT data are similar to that of PALS
within the experimental errors. Computer simulations revealed the hydrogen bond
structure of hyperbranched polyols. Peripheral hydroxyl groups form linear, relatively
short (2-6 hydroxyl groups ) hydrogen bond clusters (strings).
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CHAPTER V
RESEARCH SUMMARY AND FUTURE WORK
The focus of my graduate studies has been to develop a fundamental
understanding of the influence of chemical structures and repeat unit architecture on glass
transition and free volume properties of various polymeric systems. This research has
been instrumental in advancing the current state of understanding of glass transition and
free volume behavior in a more comprehensive way. While low molecular weight
hyperbranched polyols have a small amount of free volume, infinite networks of epoxy
have relatively larger free volumes. This helps in establishing the effects of molecular
weight and glass transition temperatures on free volume. In isomeric linear polyesters and
epoxy networks prepared from isomeric crosslinkers, the major finding was that the para
isomer based polymers have higher Tg and higher hole free volume and fractional free
volume. While the free volume behavior in polyesters is used to explain the difference in
oxygen diffusion, it is used in epoxy networks to explain the differences in solvent
uptake. Each finding of this study is immensely useful for the design of macromolecules
for structural components and gas permeation applications.
Future Work
There are several characterization techniques, materials and approaches that
would enhance our current understanding of the free volume and related properties in
polymers. In particular, it is proposed here that a continuing research effort be made to
fully understand the free volume properties of amorphous linear polymers utilizing
PALS, PVT and rheology.
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For amorphous glasses fragility index is an important parameter to describe their
physical characteristics. It is also believed that the thermal expansivity of hole free
volume in the rubbery state can be related with fragility.1 Broadband dielectric
spectroscopic (BDS) studies should be carried out in addition to PALS to validate
relationship between expansivity and fragility.2 For polymers with large hole free
volumes, fluorescence probes can be utilized to study the temperature dependence of hole
free volume.3 The PVT apparatus cannot perform below RT due to poor performance of
silicone oil at low temperatures. Another confining fluid needs to be identified to couple
the same temperature range with PALS.
While this research work focused on pure polymers, the next step is to incorporate
additives such as plasticizers and antiplasticizers to correlate free volume behavior and
macroscopic properties.4 Blending polymers with extreme properties in varying
compositions could be carried out to confirm the law of additivity. Understanding critical
structure-property relationships at the fiber or nano filler and matrix interfaces from free
volume point of view could help to tailor mechanical properties, such as modulus and
toughness.5
The major difficulty observed in the study of gas transport properties in epoxyamine networks was the processability of films, which are highly brittle. To study the
effect of isomerism on gas transport, diamine crosslinkers can be used as a chain extender
using monofunctional epoxy that is lightly crosslinked at a later stage. Use of aliphatic
difunctional epoxy with isomeric diamine will also yield films with low Tg, that are
flexible enough to be used as a film for diffusion measurement. In linear polyimides, both
diamine and dianhydride isomerism has been thoroughly studied; however, the effect of
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isomerism of dianhydride is not clear. A thorough study has to be carried out to
investigate the effects of isomerism in epoxy and in dianhydride.
To understand the effects of free volume solely on mechanical properties, samples
of commercially available linear amorphous thermoplastic polymers can be prepared
using different techniques. These sample preparation techniques could include solvent
casting and melt quenching with varying parameters. This will keep the same molecular
interaction but will have varying relative arrangement and free volume. Prepared samples
can be soaked in solvents that are chemically benign but should induce molecular
rearrangement or aging. Polycarbonates and polysulfones are excellent candidates for
such studies.
Other research work can be done to study free volume and free volume
distribution of polymer networks with temperature and uniaxial compression.6 Both
PALS and PVT experiments should be carried out on deformed samples after uniaxial
compression. The pre-yield and post-yield deformation are related with the secondary
relaxation mechanism; therefore, further analysis using BDS and DMA is required. These
deformed samples can be thermally or mechanically rejuvenated. After rejuvenation
further free volume analysis using PALS and PVT will give insight on the evolution of
free volume elements during deformation. In particular the hole number density and hole
free volume needs to be studied in detail to correlate the deformation mechanism. The
same study can be carried for accelerated aging induced by the appropriate solvent or
other conditions.
It is generally believed that high crosslinking results in high macroscopic density,
high stiffness and low penetrant absorption as in crosslinked rubbers. However, studies
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on crosslinked epoxy networks suggest that high crosslink density can actually lead to
opposite results due to the poorer packing of molecules arising from constraints on the
packing of molecules imposed by crosslinks. Epoxy resins with high crosslink density are
in poor packing and, thus, have relatively higher free volume at and below Tg. The
crosslinking hinders the mobility and increases Tg, which leads to a higher amount of
frozen in free volume when the network cools down to room temperature. However, it is
very difficult to establish the relationship between the network structure and the free
volume distribution through an experimental approach due to many unknown factors in
network architecture and in particular, micro-structure. While through MD technique,
unambiguous network structure can be readily obtained and free volume distribution can
then be clearly extracted from instantaneous chain configurations.
It is necessary to emphasize theoretical and computational methods to evaluate
free volume in model polymer systems.7 It is also possible to use 129Xe NMR to probe
hole free volume.8 With the combination of PALS and 129Xe NMR, experimentally
obtained free volume parameters can be correlated with molecular dynamics simulations.
Similarly experimental PVT data can be generated and compared with simulation.
The research work on solvent ingress behavior of epoxy networks opened new
avenues in the field of network architecture. One aspect was to correlate the network
inhomogeniety with the extent of solvent penetration. This network homogeneity has to
be studied using hole size distribution in the polymer networks. Both PALS and
molecular dynamic simulation can provide insight on this free volume size distribution.
While commercially available software MELT and CONTIN can give hole size
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distribution, some recently developed algorithms, such as CESA and Voronoi
tessellation, can give the hole size distribution.9, 10
The work presented in this dissertation is a foundation to develop a broader, more
fundamental understanding of the effects of the chemical structure and topology on free
volume. The future work proposed here would help to carry this work to a more advanced
level and deeper understanding. It is the continuing goal of the Nazarenko Research
Group to refine and further the understanding of structure-free volume property
relationships in polymers, and it is believed that the work proposed here will carry on this
theme.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Bartoš, J.; Krištiak, J., Journal of Non-Crystalline Solids 1998, 235-237, 293-295.
Dlubek, G.; Shaikh, M. Q.; Rätzke, K.; Paluch, M.; Faupel, F., Journal of Physics
Condensed Matter 2010, 22 (23).
Victor, J. G.; Torkelson, J. M., Macromolecules 1987, 20 (9), 2241-2250.
Elwell, R. J.; Pethrick, R. A., European Polymer Journal 1990, 26 (8), 853-856.
Trotzig, C.; Abrahmsén-Alami, S.; Maurer, F. H. J., European Polymer Journal
2009, 45 (10), 2812-2820.
Ramos, J. A.; Larrañaga, M.; Mondragon, I.; Salgueiro, W.; Somoza, A.;
Goyanes, S.; Rubiolo, G. H., Polymers for Advanced Technologies 2009, 20 (1),
35-38.
Hofmann, D.; Heuchel, M.; Yampolskii, Y.; Khotimskii, V.; Shantarovich, V.,
Macromolecules 2002, 35 (6), 2129-2140.
Golemme, G.; Nagy, J. B.; Fonseca, A.; Algieri, C.; Yampolskii, Y., Polymer
2003, 44 (17), 5039-5045.
Wang, X. Y.; Veld, P. J. I.; Lu, Y.; Freeman, B. D.; Sanchez, I. C., Polymer 2005,
46 (21), 9155-9161.
Niemela, S.; Leppanen, J.; Sundholm, F., Polymer 1996, 37 (18), 4155-4165.

